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(data sets from BESII are much smaller (e.g. 58M J/! decays))
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BESIII Data Sets (primary):
(e+e"  collisions at ECM between 2.0 and 4.6 GeV)

2009:  106M ψ(2S)
    225M J/ψ

2010:   975 pb−1 at ψ(3770)
2011:   2.9 fb−1 at !(3770)  (total)
            482 pb−1 at 4.01 GeV
2012:  0.45B !(2S)  (total)

    1.3B J/!  (total)
2013:    1092 pb−1 at 4.23 GeV

      826 pb−1 at 4.26 GeV
      540 pb−1 at 4.36 GeV
     ~50 pb−1 at 3.81,  3.90,  4.09,  4.19,  4.21,!

                              4.22,  4.245,  4.31,  4.39,  4.42 GeV
2014:  1029 pb−1 at 4.42 GeV

   110 pb−1 at 4.47 GeV
   110 pb−1 at 4.53 GeV
    48 pb−1 at 4.575 GeV
    567 pb−1 at 4.6 GeV

0.8 fb−1 R-scan from 3.85 to 4.59 GeV (104 points)
2015:  R-scan from 2-3 GeV + 2.175 GeV data
2016:  ~3fb−1 at 4.18 GeV (for Ds) 
2017:  7 × 500 pb−1 between 4.19 and 4.27 GeV
2018:  J/!  (and tuning new RF cavity)
          

Charmonium Spectrum
predictions based on PRD 72, 054026 (2005)

measurements from PDG

+ Initial State Radiation (ISR)
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measurements from PDG

similar way as the inclusive photon background distribution
but using the exclusive event selection on the! !3686" MC
event sample.

Shown in Fig.6 is the simultaneous fit of data for the
region 0.08 < E " < 0.5 GeV for the inclusive photon
energy distribution and the region0.08 < E " < 0.35 GeV

for the exclusive photon energy distribution. The fit to the
inclusive photon energy distribution and the corresponding
pull distribution are shown in the top set of plots. The bottom
set of plots are those for the exclusive photon energy
distribution. The pull distributions are reasonable, except
in the vicinity of the! !3686" ! "#c1 and"#c2 peaks. The
chi squares per degree of freedom (ndf ) are 3.5 and 2.7 for
the inclusive and exclusive distribution fits, respectively.
The chi square is determined using#2 # ! i !! ni ! nf

i "=$i "2,
whereni , n

f
i , and$i are the number of data events in bini , the

result of the fit at bini , and the statistical uncertainty ofni ,
respectively, and the sum is over all histogram bins.

A fit is also done to the MC inclusive energy distribution.
The MC shapes are used without convolved asymmetric
Gaussians for the! !3686" ! "#cJ peaks. Since only MC
shapes are used, it is not useful to do a simultaneous fit as there
are no common parameters to be determined in such a fit. The
fit matches the inclusive photon energy distribution almost
perfectly witha chi square close to zero.This is not unexpected
since the signal and background shapes come from the MC
and when combined reconstruct the MC distribution.

VII. BRANCHING FRACTION DETERMINATIONS

The branching fractions are calculated using the follow-
ing equations:

B! ! !3686" ! "#cJ" #
N! !3686"! "#cJ

%! !3686"! "#cJ
! N! !3686"

; !1"

where B!! !3686" ! "#cJ" is the branching fraction of
! !3686" ! "#cJ, N! !3686"! "#cJ

is the number of events in
data from the fit,%! !3686"! "#cJ

is the efficiency determined
from MC, andN! !3686" is the number of! !3686" events
[17]. The product branching fraction for! !3686" !
"#cJ; #cJ ! "J=! is given by

B! ! !3686" ! "#cJ" ! B!#cJ ! "J=! "

#
N#cJ! "J=!

%#cJ! "J=! ! N! !3686"
; !2"
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FIG. 6. Simultaneous fits to the photon energy distributions of
data. (Top set) Inclusive distribution fit and corresponding pulls,
and (bottom set) exclusive distribution fit and pull distribution.
Peaks from left to right in the top set are! !3686" ! "#c2, "#c1,
and"#c0 and#c1 and#c2 ! "J=! . The#c0 ! "J=! peak is not
visible. The smooth curves in the two plots are the fit results. The
dashed-dotted and dashed curves in the top plot are the back-
ground distribution from the inclusive! !3686" MC with radi-
ative photons removed and the total background, respectively.
The background in the exclusive fit plot is not visible.

TABLE II. Branching fraction results. The indicated uncertainties are statistical only.

Branching Fraction Events (! 106) Efficiency Branching Fraction (%)

B! ! !3686" ! "#c0" 4.6871 $ 0.0068 0.4692 9.389 $ 0.014
B!! !3686" ! "#c1" 4.9957 $ 0.0054 0.4740 9.905 $ 0.011
B!! !3686" ! "#c2" 4.2021 $ 0.0055 0.4104 9.621 $ 0.013

B!! !3686" ! "#c0" ! B!#c0 ! "J=! " 0.0123 $ 0.0081 0.4920 0.024 $ 0.015
B!! !3686" ! "#c1" ! B!#c1 ! "J=! " 1.8881 $ 0.0053 0.5155 3.442 $ 0.010
B!! !3686" ! "#c2" ! B!#c2 ! "J=! " 0.9828 $ 0.0041 0.5150 1.793 $ 0.008

B!#c0 ! "J=! " 0.25 $ 0.16
B!#c1 ! "J=! " 34.75 $ 0.11
B!#c2 ! "J=! " 18.64 $ 0.08

BRANCHING FRACTION MEASUREMENTS OFÉ PHYSICAL REVIEW D 96, 032001 (2017)

032001-9

! (2S) ! " + anything
[PRD 96, 032001 (2017)]

(using 106M !(2S) decays)



    Ryan Mitchell (Indiana University), Spectroscopy at the BESIIII Experiment, February 9, 2018

Precision Studies in Charmonium (I)

6

and the world average full widths[7]. TableV contains our
partial width results, as well as theoretical predictions,
reproduced from Table VI in Ref.[8]. The theoretical
predictions include the linear potential (LP) and screened
potential (SP) models[8], as well as earlier predictions
from a relativistic quark model (RQM)[33], nonrelativistic
potential and Godfrey-Isgur relativized potential models
(NR/GI) [34], and color screened models, calculated with
zeroth order wave functions (SNR0) and first order rela-
tivistically corrected wave functions (SNR1) [35].

X. SUMMARY

Our results, CLEO measurements[9,31,32], previous
BESIII measurements[15,16], and PDG results[7] are
listed in TableIV. Our! !3686" ! "#cJ branching fractions
are the most precise. The branching fractions for
! !3686" ! "#cJ agree with CLEO within one standard
deviation, except for! !3686" ! "#c1 which differs by 1.3
standard deviations. The product branching fractions

B! ! !3686" ! "#c1" ! B!#c1 ! "J=! " andB! ! !3686" !
"#c2" ! B!#c2 ! "J=! " agree with the previous BESIII
measurements. Because of the difficulty in fitting
! !3686" ! "#c0; #c0 ! "J=! , our product branching frac-
tion has a very large systematic error compared with those
using exclusive decays.

Partial widths are shown in TableV. For comparison with
models, experimental results have become accurate enough
(partly due to this measurement) to become sensitive to fine
details of the potentials, e.g. relativistic effects, screening
effects, and higher partial waves.

ACKNOWLEDGMENTS

The BESIII Collaboration thanks the staff of BEPCII and
the IHEP computing center for their strong support. This
work is supported in part by National Key Basic Research
Program of China under Contract No. 2015CB856700;
National Natural Science Foundation of China (NSFC)

TABLE IV. Our branching fraction results, other results, and PDG compilation results.

PDG [7] (%) PDG[7] (%)
Branching Fraction This analysis (%) Other (%) Average Fit

B! ! !3686" ! "#c0" 9.389# 0.014# 0.332 9.22# 0.11# 0.46 [9] 9.2 # 0.4 9.99# 0.27
B! ! !3686" ! "#c1" 9.905# 0.011# 0.353 9.07# 0.11# 0.54 [9] 8.9 # 0.5 9.55# 0.31
B! ! !3686" ! "#c2" 9.621# 0.013# 0.272 9.33# 0.14# 0.61 [9] 8.8 # 0.5 9.11# 0.31

B! ! !3686" ! "#c0" ! B!#c0 ! "J=! " 0.024# 0.015# 0.205 0.125# 0.007# 0.013 [31] 0.131# 0.035 0.127# 0.006
0.151# 0.003# 0.010 [15]
0.158# 0.003# 0.006 [16]

B! ! !3686" ! "#c1" ! B!#c1 ! "J=! " 3.442# 0.010# 0.132 3.56# 0.03# 0.12 [31] 2.93# 0.15 3.24# 0.07
3.377# 0.009# 0.183 [15]
3.518# 0.01# 0.120 [16]

B! ! !3686" ! "#c2" ! B!#c2 ! "J=! " 1.793# 0.008# 0.163 1.95# 0.02# 0.07 [31] 1.52# 0.15 1.75# 0.04
1.874# 0.007# 0.102 [15]
1.996# 0.008# 0.070 [16]

B!#c0 ! "J=! " 0.25# 0.16# 2.15 2# 0.2 # 0.2 [32] 1.27# 0.06
B!#c1 ! "J=! " 34.75# 0.11# 1.70 37.9 # 0.8 # 2.1 [32] 33.9 # 1.2
B!#c2 ! "J=! " 18.64# 0.08# 1.69 19.9 # 0.5 # 1.2 [32] 19.2 # 0.7

TABLE V. Partial widths (keV) of radiative transitions for! !3686" ! "J=! and#cJ ! "J=! . Shown are our experimental results and
predictions from RQM[33]; NR/GI [34]; SNR0 and SNR1 [35], calculated with zeroth order wave functions (SNR0) and first order
relativistically corrected wave functions (SNR1); and LP and SP models[8]. The! E1 predictions include onlyE1 transition calculations,
while the! EM results include higher order multipole corrections.

! E1 (keV) ! EM (keV)

Initial State Final State RQM[33] NR/GI [34] SNR0=1 [35] LP [8] SP[8] LP [8] SP[8] This Analysis

! !3686" #c0 26.3 63/26 74/25 27 26 22 22 26.9 # 1.8
#c1 22.9 54/29 62/36 45 48 42 45 28.3 # 1.9
#c2 18.2 38/24 43/34 36 44 38 46 27.5 # 1.7

#c0 J=! 121 152/114 167/117 141 146 172 179
#c1 265 314/239 354/244 269 278 306 319 306# 23
#c2 327 424/313 473/309 327 338 284 292 363# 41
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direction. The polar angle! of the tracks must be within the
fiducial volume of the MDC!j cos! j < 0.93". Photons are
reconstructed from isolated showers in the EMC which are
at least 20¡ away from the nearest charged track. The
photon energy is required to be at least 25 MeV in the barrel
region ! j cos! j < 0.8" or 50 MeV in the end cap region
!0.86 < j cos! j < 0.92". In order to suppress electronic
noise and energy depositions unrelated to the event, the
time after the collision at which the photon is recorded in
the EMC must be less than 700 ns.

Candidate events are required to have four charged
tracks, with a sum of charges equal to zero, and at least
one photon. The tracks with momentum larger than
1 GeV=c are assumed to be leptons fromJ=" decay.
Otherwise, they are considered as electrons from the" 0 or
#cJ decay. Leptons from theJ=" decay with EMC energy
larger than 0.8 GeVare identified as electrons, otherwise as
muons. TheJ=" signal is identified by requiring the
invariant mass of the lepton pair to be in the interval
#3.08; 3.12$GeV=c2. A vertex fit is performed on the four
charged tracks to ensure the tracks originated from the IP. In
order to reduce the background and improve the mass
resolution, a four-constraint (4C) kinematic fit is performed
by constraining the total four momentum to that of the
initial beams. If there is more than one photon candidate in
an event, all the photons are individually fit with the four
leptons in the kinematic fit and only those with a fit#2 < 40
are retained. If two or more photons pass this criterion, only
the one with the least#2 is retained for further analysis.

A study of the" !3686" inclusive MC sample shows that,
after applying the above selection criteria, the main back-
ground comes from" !3686" → $#cJ, #cJ → $J=" decays,
where one photon converts into ane%e− pair in the detector
material. To suppress this background, a photon-conversion
finder [23] is applied to reconstruct the photon-conversion
vertex. The distance from the point of the reconstructed
conversion vertex to thez axis,Rxy, is used to distinguish
the photon conversion background from signal. By study-
ing the MC samples" !3686" → $#cJ, #cJ → $J=" , the
peaks aroundRxy & 3 andRxy & 6 cm match the positions
of the beam pipe and the inner wall of the MDC[16],
respectively. We remove the events in1.5 cm < Rxy <
7.5 cm to suppress the$ conversion background. With this
requirement, the$ conversion background is negligible for
the decays" !3686" → e%e−#cJ and is at the few percent
level for the decays#cJ → e%e−J=" .

To remove the backgrounds from decays" !3686" →
%=&0J=" ; %=&0 → $e%e−, which have the same final state
as signal events, a requirement0.16 < M !$e%e−" <
0.50 GeV=c2 is applied. By studying the data collected
at

!!!
s

p
& 3.65 GeV, the contribution from the continuum

process is found to be negligible.
Figure 1 shows the scatter plot ofM!$J=" " versus

M!e%e−J=" " for the selected events from data; the
corresponding one-dimensional projections are shown in

Fig. 2. Clear#cJ signals are observed in theM!$J=" " and
M!e%e−J=" " distributions, corresponding to the decays
" !3686" → e%e−#cJ and #cJ → e%e−J=" , respectively.
The study of" !3686" inclusive MC samples indicates
that the dominant background is from the decay
" !3686" → &%&−J=" , J=" → !$FSR"l%l−, where$FSR is
a photon due to final-state radiation; these events accumu-
late atM!e%e−J=" " ∼ 3.6 GeV=c2.

Separate unbinned maximum likelihood fits are
performed on theM!$J=" " andM!e%e−J=" " distributions
to extract the signal yields. We use the signal MC-determined
shape, convoluted with a common Gaussian function, to
describe the shapes of#cJ signals. The Gaussian function
parametrizes any resolution difference between the data and
MC simulation and its parameters are determined from the fit.

Two background components are considered in the
fit to the M!$J=" " distribution. The first background is
from the decay" !3686" → $#c0, #c0 → e%e−J=" , which
corresponds to the peak at the lower edge of theM!$J=" "
region; it is described by a MC-determined shapewith a fixed
number of events based on the branching fraction obtained in
this analysis. The second one is related to QED background
(e%e− → l %l −, l & e, ' , () and is described by a first-order
polynomial function in the fit.
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FIG. 1. Scatter plot ofM!$J=" " versusM!e%e−J=" " for data.
The horizontal red dashed lines and vertical blue dashed lines
indicate the positions of the#cJ masses in theM!$J=" " and
M!e%e−J=" " distributions, respectively.
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FIG. 2. Data (points with error bars) distributions of (left)
M!$J=" " and (right)M!e%e−J=" ". The red solid curve is the
overall fit result, the green long-dashed curve is for the back-
ground (left) " !3686" → $#c0, #c0 → e%e−J=" and (right)
" !3686" → e%e−#c0, #c0 → $J=" , the blue dashed curve is for
QED background, and the pink dashed-dotted curve in right plot
is for the backgrounds from" !3686" decays.
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In the fit to the Mðeþe−J=ψÞ distribution, three back-
ground components are considered. The first two are from
the decay ψð3686Þ → eþe−χc0, χc0 → γJ=ψ , which corre-
sponds to the enhancement at the lower edge of the
Mðeþe−J=ψÞ fit interval, and QED processes; the way
these components are dealt with in this fit is analogous to
the way they are dealt with in the MðγJ=ψÞ fit. The third
background component is from inclusive ψð3686Þ decay,
which includes the dominant one of ψð3686Þ → πþπ−J=ψ ,
J=ψ → ðγFSRÞlþl− decays and a small fraction from
ψð3686Þ → γ1χcJ, χcJ → γ2J=ψ , where γ2 converts into
an eþe− pair. In the fit, the shape of the third background
component is assumed to be that reconstructed in the
inclusive MC sample with the normalization determined
from data. The fit results are shown in Fig. 2 and the
corresponding signal yields are summarized in Table I. For
the six observed decay modes, the statistical significance of
the yields are all larger than 5 standard deviations.
The branching fractions B(ψð3686Þ → eþe−χcJ) and

B(χcJ → eþe−J=ψ) are calculated according to

B ¼
Nsig

Nψð3686ÞϵBradiativeBðJ=ψ → lþl−Þ
; ð1Þ

where Nsig is the corresponding number of signal events
extracted from the fit,Nψð3686Þ is the total number ofψð3686Þ
events, ϵ is the selection efficiency determined from the
signal MC samples, Bradiative is the branching fraction of the
radiative transitions ψð3686Þ → γχcJ or χcJ → γJ=ψ, and
BðJ=ψ → lþl−Þ is the decay branching fraction of
J=ψ → lþl−. All the branching fractions used are taken
from Ref. [3]. The resultant branching fractions of
ψð3686Þ → eþe−χcJ and χcJ → eþe−J=ψ are listed in
Table I.
Figure 3 shows comparisons of the q distributions in data

and MC simulation for the decays ψð3686Þ → eþe−χc1;2
and χc1;2 → eþe−J=ψ , where the χc1 and χc2 signals are
extracted requiring a mass within [3.49,3.53] and
½3.54; 3.58&GeV=c2, respectively; with these criteria the
backgrounds are expected to be less than 2%. The data are
in reasonable agreement with the MC simulation generated
using the model described in Ref. [20].

The systematic uncertainties for the branching fraction
measurement arise from the following sources: track
reconstruction, photon detection, kinematic fitting, J=ψ
mass criteria, Mðγeþe−Þ requirement, γ conversion veto-
ing, fit procedure, angular distributions, the total number of
ψð3686Þ events, and the branching fractions of the cascade
decays. All uncertainties are discussed in detail below.
The difference in the tracking efficiency between data

and the MC simulation, for each charged track, is estimated
to be 1.0% [24], which results in a 4.0% systematic
uncertainty for all modes. The uncertainty on the pho-
ton-detection efficiency is derived from a control sample of
J=ψ → ρ0π0 decays and is 1.0% per photon [25].
In the 4C kinematic fit, the helix parameters of charged

tracks are corrected to reduce the discrepancy between data
and the MC simulation as described in Ref. [26]. The
correction factors are obtained by studying a control sample
ofψð3686Þ → πþπ−J=ψ ,J=ψ → lþl− decays.To determine
the systematic uncertainty from this source,we determine the
efficiencies from the MC samples without the helix correc-
tion; the resulting differences with respect to the nominal
values are taken as the systematic uncertainties.
The uncertainty associated with the J=ψ mass require-

ment is 1.0%, which is determined by studying a control
sample of ψð3686Þ → ηJ=ψ , η → γγ (where one γ under-
goes conversion to aneþe− pair) or η → γeþe− decays. The
systematic uncertainty related to the Mðγeþe−Þ interval
used is studied by varying the edges of the interval by
'5 MeV=c2. The largest difference with the nominal value
is taken as the systematic uncertainty from this source.
To study the systematic uncertainty related to the γ

conversion background veto, we compare the efficiencies
of γ conversion veto between data and the MC simulation in
control samples of ψð3686Þ → γχc1;2, χc1;2 → eþe−J=ψ
decays. The efficiency of the γ conversion veto is the ratio
of the signal yields determined by fitting the Mðeþe−Þ
distribution with and without the γ conversion veto applied.
A relative difference between data and simulation of 1.4%
is found and assigned as the systematic uncertainty.
The sources of uncertainty in the fit procedure include

the fit range and the signal and background parametriza-
tion. The uncertainty related with the fit range is obtained

TABLE I. Signal yields, detection efficiencies, the branching fractions, and the ratios of the branching fractions. Here, the first
uncertainty is statistical and the second systematic.

Mode Yields Efficiency(%) Branching fraction
B(ψð3686Þ → eþe−χcJ)=

B(ψð3686Þ → γχcJ)
B(χcJ → eþe−J=ψ)=

B(χcJ → γJ=ψ)

ψð3686Þ → eþe−χc0 48' 10 6.06 ð11.7' 2.5' 1.0Þ ! 10−4 ð9.4' 1.9' 0.6Þ ! 10−3 ( ( (
ψð3686Þ → eþe−χc1 873' 30 5.61 ð8.6' 0.3' 0.6Þ ! 10−4 ð8.3' 0.3' 0.4Þ ! 10−3 ( ( (
ψð3686Þ → eþe−χc2 227' 16 3.19 ð6.9' 0.5' 0.6Þ ! 10−4 ð6.6' 0.5' 0.4Þ ! 10−3 ( ( (
χc0 → eþe−J=ψ 56' 11 6.95 ð1.51' 0.30' 0.13Þ ! 10−4 ( ( ( ð9.5' 1.9' 0.7Þ ! 10−3

χc1 → eþe−J=ψ 1969' 46 10.35 ð3.73' 0.09' 0.25Þ ! 10−3 ( ( ( ð10.1' 0.3' 0.5Þ ! 10−3

χc2 → eþe−J=ψ 1354' 39 11.23 ð2.48' 0.08' 0.16Þ ! 10−3 ( ( ( ð11.3' 0.4' 0.5Þ ! 10−3
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Precision Studies in Charmonium (II)

! (2S) ! e+ e! " cJ and " cJ ! e+ e! J/ !
[PRL 118, 221802 (2017)]

(using 448M !(2S) decays;  reconstruct !(2S) "  #e+e" J/!)
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(1) The proton antiproton  Question  
What is the X(1835)?

(2) The "#  Question  
Why are there anomalous differences between J/! and !(2S) decays?

(3) The Y Question  
Why are there so many different peaks in exclusive e+e"  cross sections? 
e.g. Y(4230), Y(4260), Y(4360), Y(4660), etc.

(4) The Z Question  
What are the electrically charged ÒcharmoniumlikeÓ peaks? 
e.g. Zc(3900), Zc(4020), Zc(4055), etc.

 

Examples of Open Questions in Spectroscopy at BESIII
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(1)  The proton antiproton  Question

10

There is an accumulation of evidence for anomalous
behavior in the proton-antiproton (pp) system very near
theMpp ! 2mp mass threshold. The observed cross sec-
tion fore"e# ! hadrons has a narrow diplike structure at
a center of mass energy of

!!!
s

p
Õ2mpc2 [1]. The protonÕs

timelike magnetic form factor, determined from high
statistics measurements of thepp ! e"e# annihilation
process, exhibits a very steep falloff just above thepp
mass threshold [2]. The authors of Ref. [1] attribute
these features to a narrow, subthresholdJPC ! 1## reso-
nance with mass1870$ 10 MeV=c2 and width! ! 10$
5 MeV=c2. In studies ofp annihilations at rest in deute-
rium, anomalies in the charged pion momentum spec-
trum frompd ! ! #! 0p and ! "! #n reactions [3] and
the proton spectrum frompd ! p2! "3! # [4] have been
interpreted as effects of narrow, below-threshold reso-
nances. There are no well established mesons that could
be associated with such a state. The proximity in mass to
2mp is suggestive of nucleon-antinucleon (NN) bound
states, an idea that has a long history. In 1949, Fermi
and Yang [5] proposed that the pion was a tightly bound
NN state. Nambu and Jona-Lasinio [6] expanded on this
in 1961 with a model based on chiral symmetry that has,
in addition to a low-mass pion, a scalarpp composite
state with mass equal to2mp. Although these ideas have
been superseded by the quark model [7], the possibility of
boundNN states with mass near2mp, generally referred
to asbaryonium,continues to be considered [8]. Recently
Belle has reported observations of the decaysB" !
K"pp [9] andB0 ! D0pp [10]. In both processes there
are enhancements in thepp invariant mass distributions
nearMpp Õ2mp. An investigation of low-masspp sys-
tems with different quantum numbers may help clarify
the situation.

In this Letter we report a study of the low-masspp
pairs produced via radiative decays in a sample of58%
106 J= events accumulated in the upgraded Beijing
Spectrometer (BESII) located at the Beijing Electron-
Positron Collider (BEPC) at the Beijing Institute of
High Energy Physics. This reaction producespp systems
with evenC parity and, thus, probes states with different
quantum numbers than those studied in Refs. [1,2].

BESII is a large solid-angle magnetic spectrometer that
is described in detail in Ref. [11]. Charged particle mo-
menta are determined with a resolution of" p=p !
1:78%

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1" p2&GeV2'

p
in a 40-layer cylindrical drift

chamber. Particle identiÞcation is accomplished by
speciÞc ionization (dE=dx) measurements in the drift
chamber and time-of-ßight (TOF) measurements in a
barrel-like array of 48 scintillation counters. ThedE=dx
resolution is " dE=dx ! 8:0%; the TOF resolution is
" TOF ! 180 ps; both systems independently provide
more than3" separation of protons from any other
charged particle species for the entire momentum range
considered in this experiment. Radially outside of the
time-of-ßight counters is a 12-radiation-length barrel

shower counter (BSC) comprised of gas proportional
tubes interleaved with lead sheets. The BSC measures
the energies and directions of photons with resolutions
of " E=E Õ21%=

!!!!!!!!!!!!!!!!!
E&GeV'

p
, " # ! 7:9 mrad, and " z !

2:3 mrad. The iron ßux return of the magnet is instru-
mented with three double layers of counters that are used
to identify muons.

For this analysis we use events with a high energy
gamma ray and two oppositely charged tracks each of
which is well Þtted to a helix originating near the inter-
action point. Candidate$Õs are associated with energy
clusters in the BSC that have less than 80% of their total
energy in any one readout layer and do not match the
extrapolated position of any charged track. Since antipro-
tons that stop in the material of the TOF or BSC can
produce annihilation products that are reconstructed
elsewhere in the detector as$ rays, no restrictions are
placed on the total number of neutral clusters in the event.
We use charged tracks and$Õs that are within the polar
angle regionj cos%j < 0:8 and reject events where both
tracks are identiÞed as muons, or produce high energy
showers in the BSC that are characteristic of electrons.
The dE=dx information is used to form particle identi-
Þcation conÞdence levelsP i

pid, wherei denotes! , K, and
p. We require that both charged tracks haveP p

pid> PK
pid

andP p
pid> P !

pid. A study based on a kinematically se-
lected sample ofJ= ! K($K) ! K"K#! 0 events in-
dicates that the probability for a charged kaon to satisfy
this requirement is less than 1% per track.

We subject the surviving events to four-constraint kin-
ematic Þts to the hypothesesJ= ! $pp and J= !
$K"K#. For events with more than one$, we select the
$ that has the highest Þt conÞdence level (C.L.). We select
events that have Þt conÞdence levelC:L:$pp > 0:05 and
reject events that haveC:L:$K"K# > C:L:$pp.

Figure 1 shows thepp invariant mass distribution for
surviving events. The distribution has a peak nearMpp !
2:98 GeV=c2 that is consistent in mass, width, and yield
with expectations forJ= ! $&c, &c ! pp [12], a broad
enhancement aroundMpp * 2:2 GeV=c2, and a narrow,
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FIG. 1. Thepp invariant mass distribution for theJ= !
$pp-enriched event sample.
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J/ ! ! " pøp
[BESII, PRL 91, 022001 (2003)]

(using 58M J/! decays)
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decays of J=c ! ! p !p and c !3686" ! ! p !p. Data
samples containing!225:2 # 2:8" $ 106 J=c events and
!106# 4" $ 106 c !3686" events [15] accumulated in the
Beijing Spectrometer (BESIII) [16] located at the Beijing
Electron-Positron Collider (BEPCII) [17] are used.

The cylindrical core of the BESIII detector consists of a
helium-gas-based drift chamber (MDC), a plastic scintilla-
tor Time-of-Flight system (TOF), and a CsI(Tl)
Electromagnetic Calorimeter (EMC), all enclosed in a
superconducting solenoidal magnet that provides a 1.0-T
magnetic Þeld. The solenoid is supported by an octagonal
ßux-return yoke with resistive plate counter muon identi-
Þer modules interleaved with steel plates. The solid angle
for the charged particle and photon acceptance is 93% of
4" , and the charged-particle momentum and photon en-
ergy resolutions at 1 GeV are 0.5% and 2.5%, respectively.
The time resolution of TOF is 80 ps in the barrel and 110 ps
in the end caps, and thedE=dx resolution is 6%.

Charged-particle tracks in the polar angle range
j cos#j < 0:93 are reconstructed from hits in the MDC.
The TOF anddE=dx information are combined to form
particle identiÞcation conÞdence levels for the" , K andp
hypotheses; the particle type with the highest conÞdence
level is assigned to each track. Photon candidates are
required to have an energy deposit of at least 25 MeV in
the barrel EMC (j cos#j < 0:8) and 50 MeV in the endcap
EMCs (0:86< j cos#j < 0:92), and be isolated from anti-
protons by more than 30%.

CandidateJ=c ! ! p !p events are required to have at
least one photon and two charged tracks identiÞed as a
proton and an antiproton. Requirements ofjUmissj <
0:05 GeV, where Umiss & ! Emiss ' jPmissj", and P2

t! <
0:0005!GeV=c"2, whereP2

t! & 4jPmissj2sin2#! =2, are im-
posed to suppress backgrounds from multiphoton events.
HereEmiss andPmiss are, respectively, the missing energy
and momentum of all charged particles, and#! is the angle
between the missing momentum and the photon direction.
A four-constraint (4C) energy-momentum conservation
kinematic Þt is performed to the! p !p hypothesis. For
events with more than one photon candidate, the combina-
tion with the minimum$2 is used. For all events,$2 < 20
is also required. Since there are differences in detection
efÞciency between data and Monte Carlo (MC) simulated
low-momentum tracks, we reject events containing any
tracks with momentum below0:3 GeV=c.

The p !p mass spectrum for events that satisfy all of the
criteria listed above is shown in Fig.1(a). There is a clear
signal of %c, a broad enhancement aroundMp !p (
2:1 GeV=c2, and a prominent and narrow low-mass peak
at thep !p mass threshold, consistent with that reported by
BESII [1] and BESIII [2]. The Dalitz plot for above events
is shown in Fig.1(b).

Potential background processes are studied with an in-
clusive MC sample of2 $ 108 J=c events generated ac-
cording to the Lund model [18]. None of the background

sources produces an enhancement at thep !p mass-
threshold region. The dominant background is from
J=c ! " 0p !p events, with asymmetric" 0 ! !! decays
where one of the photons has most of the" 0 energy. An
exclusive MC sample, generated according to the PWA
results ofJ=c ! " 0p !p at BESII [19], indicates that the
level of this background in the selected data sample with
Mp !p < 2:2 GeV=c2 is 3.7% of the total. TheJ=c ! " 0p !p
decay channel is also studied with data, and there is no
evidence of ap !p mass-threshold enhancement, which
provides further evidence that the enhancement observed
in J=c decays is not from background.

A PWA of the events withMp !p < 2:2 GeV=c2 is per-
formed to focus on determining the parameters of thep !p
mass-threshold structure, which we denote asX!p !p". The
maximum likelihood method applied in the Þt uses a like-
lihood function that is constructed from! p !p signal am-
plitudes described by the relativistic covariant tensor
amplitude method [20] and MC efÞciencies. The back-
ground contribution from the" 0p !p process is removed
by subtracting the log-likelihood values of background
events from that of data, since the log-likelihood value of
data is the sum of the log-likelihood values of signal and
background events [21]. Here, the background events are
estimated by the MC sample ofJ=c ! " 0p !p decays
described above. We include the effect of FSI in the
PWA Þt using the Julich formulation [7].

Four components, theX!p !p", f 2!1910", f 0!2100", and
0)) phase space (PS) are included in the PWA Þt. The
intermediate resonances are described by Breit-Wigner
(BW) propagators, and the parameters of thef 2!1910"
and f 0!2100" are Þxed at PDG values. In the optimal
PWA Þt, theX!p !p" is assigned to be a0') state. The
statistical signiÞcance of theX!p !p" component of the Þt is
much larger than30&; those for the other components are
larger than5&, where the statistical signiÞcance is deter-
mined from the changes of likelihood value and degrees of
freedom in the PWA Þts with and without the signal
hypotheses. The mass, width and product of branching
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FIG. 1 (color online). Thep !p invariant mass spectrum for the
selectedJ=c ! ! p !p candidate events. (a) Thep !p invariant
mass spectrum; the open histogram is data and the dashed line is
from J=c ! ! p !p phase-space MC events (with arbitrary nor-
malization). (b) AnM2!! p" (horizontal)versusM2!! !p" (verti-
cal) Dalitz plot for the selected events.
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ratios (BRs) of the Xðp !pÞ are measured to be M ¼
1832þ19

%5 MeV=c2, " ¼ 13 & 39 MeV=c2, and BRðJ=c !
! XÞBRðX ! p !pÞ ¼ ð9:0þ0:4

%1:1Þ ' 10%5, respectively, where
the errors are statistical only. Figure 2 shows comparisons
of the mass and angular distributions between the data and
the PWA fit projections. For the spin-parity determination
of the Xðp !pÞ, the 0%þ assignment fit is better than that for
0þþ or other JPC assignments with statistical significances
that are larger than 6:8" .

Variations of the fit included replacing the f 0ð2100Þwith
the f 2ð2150Þ, the f 2ð1910Þ with the f 2ð1950Þ, and replac-
ing both components simultaneously; changing the JPC of
the PS contribution, as well as consideration of the pa-
rameter uncertainties of the f 0ð2100Þ and f 2ð1910Þ, were
performed, and it is found the changes of the log-likelihood
values and the parameters of the Xðp !pÞ are quite small.
However, when replacing 0þþ PS with 0%þ PS the event
fraction of the Xðp !pÞ decreases by 52%. We also tried fits
that include other possible resonances listed in the PDG
table [22] [# 2ð1870Þ, f 2ð2010Þ, f 2ð1950Þ, f 2ð2150Þ,
f Jð2220Þ, # ð2225Þ, f 2ð2300Þ, f 2ð2340Þ, etc.] as well as
Xð2120Þ and Xð2370Þ [14], and different JPC PS contribu-
tions. The statistical significances of these additional reso-
nances are lower than 3" . All of the parameter changes

that are found in these alternative fits are folded into the
systematic uncertainties.
For systematic errors on the mass and width of the

Xðp !pÞ, in addition to those discussed above, we include
uncertainties from different fit ranges of Mp !p <
2:15 GeV=c2 and Mp !p < 2:25 GeV=c2, different parame-

terizations for the BW formula, as well as different back-
ground levels. For the systematic errors of the BR
measurement, there are additional uncertainties from the
efficiencies of charged track detection, photon detection
and particle identification, kinematic fit and the total num-
ber of J=c events. The total systematic errors on the mass
and width of the Xðp !pÞ are þ18

%17 MeV=c2 and þ10
%13 MeV=c2,

respectively, and the corresponding relative systematic
error on the product of BRs is þ17

%56%.
Various FSI models [7–9] have been proposed to inter-

pret the p !p mass-threshold enhancement. Among them, a
BW function times a one-pion-exchange FSI factor [9] can
also describe the data well. For this case, the mass and
width of the Xðp !pÞ shift by 19 MeV=c2 and 4 MeV=c2,
respectively, while the relative change in the product of
BRs is 25%. These errors are considered as second (model)
systematic errors due to the model dependence.
The c ð3686Þ ! ! p !p decay channel is also studied us-

ing event selection criteria similar to those used in the
J=c ! ! p !p study. The p !p mass spectrum of the surviv-
ing events is shown in Fig. 3(a). Besides the well known # c
and $cJ peaks, there is also a p !p mass-threshold excess
relative to PS. However, here the line shape of the mass
spectrum in the threshold region appears to be less pro-
nounced than that in J=c decays. Potential background
processes were studied extensively with an inclusive MC
sample of 1 ' 108 c ð3686Þ events and with a data sample
of selected c ð3686Þ ! %0p !p events, and these indicate
that the p !p mass-threshold structure is not from any back-
ground source. An exclusive MC sample, generated
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FIG. 2 (color online). Comparisons between data and PWA fit
projection: (a) the p !p invariant mass; (b)–(d) the polar angle &!

of the radiative photon in the J=c center of mass system, the
polar angle &p and the azimuthal angle ' p of the proton in the
p !p center of mass system with Mp !p % 2mp < 50 MeV=c2,
respectively. Here, the black dots with error bars are data, the
solid histograms show the PWA total projection, and the dashed,
dotted, dash-dotted, and dash-dot-dotted lines show the contri-
butions of the Xðp !pÞ, 0þþ phase space, f 0ð2100Þ and f 2ð1910Þ,
respectively.
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FIG. 3 (color online). (a) The p !p invariant mass spectrum for
the selected c ð3686Þ ! ! p !p candidate events; the open histo-
gram is data and the dashed line is from a c ð3686Þ ! ! p !p
phase-space MC events (with arbitrary normalization).
(b) Comparisons between data and PWA fit projection for p !p
mass spectrum, the representations of the error bars and histo-
grams are same as those in Fig. 2.

PRL 108,112003 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

16 MARCH 2012

112003-4

Fit Components:  X(1835), 0++ phase space, f0(2100), f2(1910)

J/! ! " pp̄
[PRL 108, 112003 (2012)]

(using 225M J/! decays)

M = 1832+19
! 5 (stat) +18

! 17(syst)± 19(model); ! < 76 MeV/ c2; J P C = 0 ! +

(1)  The proton antiproton  Question
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with a Breit-Wigner (BW) function convolved with a
Gaussian mass resolution function (with !!13 MeV=
c2) to represent the X"1835# signal plus a smooth poly-
nomial background function. The mass and width obtained
from the fit (shown in the bottom panel in Fig. 3) are M !
1833:7 $ 6:1 MeV=c2 and ! ! 67:7 $ 20:3 MeV=c2. The
signal yield from the fit is 264 $ 54 events with a con-
fidence level 45.5% ("2=d:o :f: ! 57:6=57) and %2 lnL !
58:4. A fit to the mass spectrum without a BW signal
function returns %2 lnL ! 126:5. The change in %2 lnL
with ""d:o :f:# ! 3 corresponds to a statistical significance
of 7:7! for the signal.

Using MC-determined selection efficiencies of 3.72%
and 4.85% for the #0 ! $& $%# and #0 ! %& modes,
respectively, we determine a product BF of

B!J= ! %X"1835#" ' B!X"1835#! $& $%#0"
! "2:2 $ 0:4# ( 10%4:

The consistency between the two #0 decay modes is
checked by fitting the distributions in Figs. 1(c) and 2(c)
separately with the method described above. The fit to
Fig. 1(c) gives M ! 1827:4 $ 8:1 MeV=c2 and ! !
54:2 $ 34:5 MeV=c2 with a statistical significance of
5:1!. From the 68 $ 26 signal events obtained from the
fit, the product BF is B!J= ! %X"1835#" ' B!X"1835#!
$& $%#0" ! "1:8 $ 0:7# ( 10%4. Similar results are ob-

tained if we apply only a 4C kinematic fit in this analysis.
For the fit to Fig. 2(c), the mass and width are determined
to be M ! 1836:3 $ 7:9 MeV=c2 and ! ! 70:3 $
23:1 MeV=c2 with a statistical significance of 6.0 !.
For this mode alone, the signal yield of 193 $ 43 sig-
nal events corresponds to B!J= ! %X"1835#" '
B!X"1835# ! $& $%#0" ! "2:3 $ 0:5# ( 10%4. The
X"1835# mass, width, and product BF values determined
from the two #0 decay modes separately are in good
agreement with each other.

The systematic uncertainties on the mass and width are
determined by varying the functional form used to repre-
sent the background, the fitting range of the mass spectrum,
the mass calibration, and possible biases due to the fitting
procedure. The latter are estimated from differences be-
tween the input and output mass and width values from MC
studies. The total systematic errors on the mass and width
are 2:7 and 7:7 MeV=c2, respectively. The systematic error
on the branching fraction measurement comes mainly from
the uncertainties of MDC simulation (including systematic
uncertainties of the tracking efficiency and the kinematic
fits), the photon detection efficiency, the particle identifi-
cation efficiency, the #0 decay branching fractions to
$& $%# and %&, the background function parametrization,
the fitting range of the mass spectrum, the requirements on
numbers of photons, the invariant-mass distributions of %%
pairs in the two analyses, the $& $% invariant-mass distri-
bution in #0 ! %$& $% decays, MC statistics, the total
number of J= events [15], and the unknown spin-parity of
the X"1835#. For the latter, we use the difference between
phase space and a JPC ! 0%& hypothesis for the X"1835#.
The total relative systematic error on the product branching
fraction is 20.2%.

In summary, the decay channel J= ! %$& $%#0 is
analyzed using two #0 decay modes, #0 ! $& $%# and
#0 ! %&. A resonance, the X"1835#, is observed with a
high statistical significance of 7:7! in the $& $%#0

invariant-mass spectrum. From a fit with a Breit-Wigner
function, the mass is determined to be M ! 1833:7 $
6:1"stat# $ 2:7"syst# MeV=c2, the width is ! ! 67:7$
20:3"stat# $ 7:7"syst# MeV=c2, and the product branch-
ing fraction is B"J= ! %X# ' B"X ! $& $%#0# !
)2:2 $ 0:4"stat# $ 0:4"syst#* ( 10%4. The mass and width
of the X"1835# are not compatible with any known meson
resonance [16]. In Ref. [16], the candidate closest in mass
to the X"1835# is the (unconfirmed) 2%& #2"1870# with
M ! 1842 $ 8 MeV=c2. The width of this state, ! !
225 $ 14 MeV=c2, is considerably larger than that of the
X"1835# (see also [17], where the 2%& component in the
#$$ mode of J= radiative decay has a mass 1840 $
15 MeV=c2 and a width 170 $ 40 MeV=c2).

We examined the possibility that the X"1835# is respon-
sible for the p #p mass threshold enhancement observed in
radiative J= ! %p #p decays [1]. It has been pointed out
that the S-wave BW function used for the fit in Ref. [1]
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FIG. 3. The $& $%#0 invariant-mass distribution for selected
events from both the J= ! %$& $%#0"#0 ! $& $%#;#!
%%# and J= ! %$& $%#0"#0 ! %&# analyses. The bottom
panel shows the fit (solid curve) to the data (points with error
bars); the dashed curve indicates the background function.
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M = 1833.7±6.1(stat)±2.7(syst) MeV/ c2; � = 67.7±20.3(stat)±7.7(syst) MeV/ c2;
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! 0" þ" − invariant mass distribution. For the J=# →
" 0! 0" þ" − background, we use a one-dimensional data-
driven method that first selects J=# → " 0! 0" þ" − events
from the data to determine the shape of their contribution to
the selected ! 0" þ" − mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=# →
$!0" þ" − and J=# → " 0! 0" þ" − events; the total weight
after reweighting is the estimated number of J=# →
" 0! 0" þ" − background events. Our studies of background
processes show that neither the four peaks mentioned above
nor the abrupt change in the line shape at 2mp is caused by
background processes.
We perform simultaneous fits to the ! 0" þ" − invariant

mass distributions between 1.3 and 2.25 GeV=c2 for both
selected event samples with the f1ð1510Þ, Xð1835Þ, and
Xð2120Þ peaks represented by three efficiency-corrected
Breit-Wigner functions convolved with a Gaussian function
to account for the mass resolution, where the Breit-Wigner
masses and widths are free parameters. The nonresonant
! 0" þ" − contribution is obtained from Monte Carlo simu-
lation; the non-! 0 and J=# → " 0! 0" þ" − background con-
tributions are obtained as discussed above. For resonances
and the nonresonant ! 0" þ" − contribution, the phase space
for J=# → $!0" þ" − is considered: according to the JP of
f1ð1510Þ and Xð1835Þ, J=# → $f1ð1510Þ and J=# →
$Xð1835Þ are S-wave and P-wave processes, respectively;
all other processes are assumed to be S-wave processes.
Without explicit mention, all components are treated as
incoherent contributions. In the simultaneous fits, the
masses and widths of resonances, as well as the branching
fraction for J=# radiative decays to ! 0" þ" − final states
(including resonances and nonresonant ! 0" þ" −) are con-
strained to be the same for both ! 0 decay channels. The fit
results are shown in Fig. 2, where it is evident that using a
simple Breit-Wigner function to describe the Xð1835Þ line

shape fails near the pp̄ mass threshold. The logL (L is the
combined likelihood of simultaneous fits) of this fit is
630 503.3. Typically, there are two circumstances where an
abrupt distortion of a resonanceÕs line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The ! 0" þ" − invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the ! 0 → $"þ" − channel, and that on the right shows the spectrum for the ! 0 → ! ð→ $$Þ" þ" − channel. In both plots, the dots
with error bars are data, the shaded histograms are the background, the solid histograms are phase space (PHSP) MC events of
J=# → $!0" þ" − (arbitrary normalization), and the dotted vertical line shows the position of the pp̄ mass threshold.
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FIG. 2. Fit results with simple Breit-Wigner formulas. The
dashed dotted vertical line shows the position of the pp̄
mass threshold, the dots with error bars are data, the solid
curves are total fit results, the dashed curves are the Xð1835Þ,
the short-dashed curves are the f1ð1510Þ, the dash-dot curves
are the Xð2120Þ, and the long-dashed curves are the
nonresonant ! 0" þ" − fit results; the shaded histograms are
background events. The inset shows the data and the
global fit between 1.8 and 1.95 GeV=c2.
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J/ ! ! "# + #! $"

[PRL 117, 042002 (2016)]

decay mode, or interference between two resonances. We
tried to fit the data for both of these possibilities.
In the first model, we assume the state around

1.85 GeV=c2 couples to the pp̄. The line shape of
η0π ! π ! above the pp̄ threshold is therefore affected by
the opening of theX"1835#! pp̄ decay channel, similar to
the distortion of the f0"980#! π ! π ! line shape at the KK̄
threshold. To study this, the Flatté formula [25] is used for
the X"1835# line shape:

T $
!!!!!!!
ρout

p

M 2 ! s ! i
P

kg
2
kρk

: "1#

Here, T is the decay amplitude, ρout is the phase space for
J=ψ ! γη0π ! π ! , M is a parameter with the dimension of
mass, s is the square of the η0π ! π ! systemÕs mass, ρk is the
phase space for decay mode k, and g2k is the corresponding
coupling strength. The term

P
kg

2
kρk describes how the

decay width varies with s. Approximately,

X

k

g2kρk " g20

"
ρ0 !

g2pp̄
g20

ρpp̄

#
; "2#

where g20 is the sum of g2 of all decay modes other than the
X"1835#! pp̄, ρ0 is the maximum two-body decay phase
space volume [24], and g2pp̄=g20 is the ratio between the
coupling strength to the pp̄ channel and the sum of all other
channels.
The fit results for this model are shown in Fig. 3. The

Flatté model fit has a logL $ 630549.5 that is improved
over the simple Breit-Wigner one by 46, so the significance
of g2pp̄=g20 being nonzero is 9.6σ. In the fit, an additional
Breit-Wigner resonance [denoted as ÒX"1920#Óin Fig. 3] is
needed with a mass of 1918.6 %3.0 MeV=c2 and a width
of 50.6 %20.9 MeV=c2; the statistical significance of this
peak is 5.7σ. In the simple Breit-Wigner fit, the significance
of X"1920# is negligible. The fit yields M $ 1638.0%
121.9 MeV=c2, g20 $ 93.7 %35.4"GeV=c2#2, g2pp̄=g20 $
2.31 %0.37, and a product branching fraction of
B"J=ψ ! γX#B"X ! η0π ! π ! # $ "3.93 % 0.38# ! 10! 4.
The value of g2pp̄=g20 implies that the couplings between the
state around 1.85 GeV=c2 and the pp̄ final states is very
large. Following the definitions given in Ref. [26], the pole
position is determined by requiring the denominator in
Eq. (1) to be zero. The pole nearest to the pp̄ mass
threshold is found to be Mpole $ 1909.5 %15.9 MeV=c2

and ! pole $ 273.5 %21.4 MeV=c2. Taking the systematic
uncertainties (see below) into account, the significance of
g2pp̄=g20 being nonzero is larger than 7σ.
In the second model, we assume the existence of a

narrow resonance near the pp̄ threshold and that the
interference between this resonance and the X"1835#
produces the line shape distortion. Here, we denote this
narrow resonance as ÒX"1870#.ÓFor this case we represent
the line shape in the vicinity of 1835 MeV=c2 by the square
of T, where

T $
" !!!!!!!

ρout
p

M2
1 ! s ! iM1! 1

!
βeiθ

!!!!!!!
ρout

p

M2
2 ! s ! iM2! 2

#
: "3#

Here, ρout and s have the same meaning as they had in
Eq. (1);M1, ! 1,M2, and ! 2 represent the masses and widths
of theX"1835#andX"1870#resonances, respectively; and β
and θ are the relative η0π ! π ! coupling strengths and the
phase between the two resonances.
The fit results for the secondmodel are shown inFig. 4. The

logL of this fit is 630 540.3, which is improved by 37 with
four additional parameters over that for the fit using one
simpleBreit-Wigner function. TheX"1835#mass is 1825.3%
2.4 MeV=c2 and the width is 245.2 %13.1 MeV=c2; the
X"1870# mass is 1870.2 %2.2 MeV=c2 and the width is
13.0 %6.1 MeV=c2, with a statistical significance that is
7.9σ. It is known that there are two nontrivial solutions in a
fit using a coherent sum of two Breit-Wigner functions [27].
In the parametrization of Eq. (3), the two solutions share the
sameM1, ! 1,M2, and ! 2, but have different values of β and θ,
which means that the only observable difference between the
solutions are branching fractions of the two Breit-Wigner
functions. The product branching fractions with construc-
tive interference are B&J=ψ ! γX"1835#'B&X"1835#!
η0π ! π ! ' $ " 3.01 %0.17#! 10! 4 and B&J=ψ !
γX"1870#'B&X"1870#! η0π ! π ! ' $ " 2.03 %0.12#! 10! 7,
while the solution with destructive interference
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FIG. 3. Fit results of using the Flatté formula. The dashed
dotted vertical line shows the position of the pp̄ mass threshold,
the dots with error bars are data, the solid curves are total fit
results, the dashed curves are the state around 1.85 GeV=c2, the
short-dashed curves are the f1"1510#, the dash-dotted curves are
the X"2120#, the dash-dot-dot-dotted curves are the X"1920#, and
the long-dashed curves are nonresonant η0π ! π ! fit results; the
shaded histograms are background events. The inset shows the
data and the global fit between 1.8 and 1.95 GeV=c2.
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gives B½J=ψ ! γXð1835Þ$B½Xð1835Þ! η0πþ π−$¼ð3.72'
0.21Þ×10−4, and B½J=ψ ! γXð1870Þ$B½Xð1870Þ !
η0πþ π−$ ¼ ð1.57' 0.09Þ × 10−5. In this model, the
Xð1920Þ is not included in the fit because its significance
is just3.9σ. Considering systematic uncertainties (see below),
the significance of Xð1870Þ is larger than 7σ.
The systematic uncertainties come from data-MC

differences in the tracking, photon detection and particle
identification efficiencies, the kinematic fit, requirements
on the invariant mass distribution of γγ, signal selection of
ρ0, η, and η0, total number of J=ψ events, branching
fractions for intermediate states decays, fit ranges, back-
ground descriptions, mass resolutions, and the intermediate
structure of πþ π−. In the first model, the dominant terms are
the fit range, the background description, and the inter-
mediate structure of πþ π−. Considering all systematic
uncertainties, the final result is shown in Table I. For the
second model, the dominant two systematic sources are the
background description and the intermediate structure of
πþ π−. Considering all systematic uncertainties, the final
result is shown in Table II.
In summary, the J=ψ ! γη0πþ π− process is studied with

1.09× 109 J=ψ events collected at the BESIII experiment
in 2012. We observed a significant distortion of the η0πþ π−

line shape near the pøp mass threshold that cannot be
accommodated by an ordinary Breit-Wigner resonance

function. Two typical models for such a line shape are
used to fit the data. The first model assumes the state
around 1.85 GeV=c2 couples with the pøp and the dis-
tortion reflects the opening of the pøp decay channel.
The fit result for this model yields a strong coupling
between the broad structure and the pøp of g2

pøp=g2
0 ¼

2.31' 0.37þ 0.83
−0.60, with a statistical significance larger

than 7σ for being nonzero. The pole nearest to the pøp
mass threshold of this state is located at Mpole ¼
1909.5 ' 15.9ðstatÞþ 9.4

−27.5ðsystÞ MeV=c2 and ! pole ¼
273.5 ' 21.4ðstatÞþ 6.1

−64.0ðsystÞ MeV=c2. The second model
assumes the distortion reflects interference between the
Xð1835Þ and another resonance with mass close to the pøp
mass threshold. A fit with this model uses a coherent sum
of two interfering Breit-Wigner amplitudes to describe the
η0πþ π− mass spectrum around 1.85 GeV=c2. This fit yields
a narrow resonance below the pøp mass threshold with
M¼1870.2' 2.2ðstatÞþ 2.3

−0.7ðsystÞMeV=c2 and ! ¼ 13.0'
6.1ðstatÞþ 2.1

−3.8ðsystÞ MeV=c2, with a statistical significance
larger than 7σ. With current data, both models fit the data
well with fit qualities, and both suggest the existence of a
state, either a broad state with strong couplings to the pøp, or
a narrow state just below the pøp mass threshold. For the
broad state above the pøp mass threshold, its strong
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FIG. 4. Fit results of using a coherent sum of two Breit-Wigner
amplitudes. The dashed dotted vertical line shows the position of
the pøp mass threshold, the dots with error bars are data, the solid
curves are total fit results, the dashed curves are the sum of
Xð1835Þ and Xð1870Þ, the short-dashed curves are the f1ð1510Þ,
the dash-dotted curves are the Xð2120Þ, the long-dashed curves
are nonresonant η0πþ π− fit results, and the shaded histograms are
background events. The inset shows the data and the global fit
between 1.8 and 1.95 GeV=c2.

TABLE I. Fit results of using the Flatté formula. The first errors
are statistical errors, and the second errors are systematic errors;
the branching ratio is the product of BðJ=ψ ! γXÞ and
BðX ! η0πþ π−Þ.

The state around 1.85 GeV=c2

M (MeV=c2) 1638.0 ' 121:9þ 127.8
−254.3

g2
0 [ðGeV=c2Þ2] 93.7 ' 35:4þ 47.6

−43.9

g2
pøp=g2

0 2.31' 0.37þ 0.83
−0.60

Mpole (MeV=c2) 1909.5 ' 15:9þ 9.4
−27.5

! pole (MeV=c2) 273.5 ' 21:4þ 6.1
−64.0

Branching ratio ð3.93' 0.38þ 0.31
−0.84Þ × 10−4

TABLE II. Fit results using a coherent sum of two Breit-Wigner
amplitudes. The first errors are statistical errors, and the second
errors are systematic errors; the branching ratio (B.R.) is the
product of BðJ=ψ ! γXÞ and BðX ! η0πþ π−Þ.

Xð1835Þ
Mass (MeV=c2) 1825.3 ' 2.4þ 17.3

−2.4
Width (MeV=c2) 245.2 ' 13:1þ 4.6

−9.6
B.R. (constructive interference) ð3.01' 0.17þ 0.26

−0.28Þ × 10−4

B.R. (destructive interference) ð3.72' 0.21þ 0.18
−0.35Þ × 10−4

Xð1870Þ
Mass (MeV=c2) 1870.2 ' 2.2þ 2.3

−0.7
Width (MeV=c2) 13.0 ' 6.1þ 2.1

−3.8
B.R. (constructive interference) ð2.03' 0.12þ 0.43

−0.70Þ × 10−7

B.R. (destructive interference) ð1.57' 0.09þ 0.49
−0.86Þ × 10−5
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gives B½J=! →"Xð1835Þ$B½Xð1835Þ→#0$þ $−$¼ð3.72'
0.21Þ×10−4, and B½J=! → "Xð1870Þ$B½Xð1870Þ →
#0$þ $−$ ¼ ð1.57 ' 0.09Þ × 10−5. In this model, the
Xð1920Þ is not included in the fit because its significance
is just 3.9%. Considering systematic uncertainties (see below),
the significance of Xð1870Þ is larger than 7%.
The systematic uncertainties come from data-MC

differences in the tracking, photon detection and particle
identification efficiencies, the kinematic fit, requirements
on the invariant mass distribution of "" , signal selection of
&0, #, and #0, total number of J=! events, branching
fractions for intermediate states decays, fit ranges, back-
ground descriptions, mass resolutions, and the intermediate
structure of $þ $−. In the first model, the dominant terms are
the fit range, the background description, and the inter-
mediate structure of $þ $−. Considering all systematic
uncertainties, the final result is shown in Table I. For the
second model, the dominant two systematic sources are the
background description and the intermediate structure of
$þ $−. Considering all systematic uncertainties, the final
result is shown in Table II.
In summary, the J=! → "#0$þ $− process is studied with

1.09 × 109 J=! events collected at the BESIII experiment
in 2012. We observed a significant distortion of the #0$þ $−

line shape near the pp̄ mass threshold that cannot be
accommodated by an ordinary Breit-Wigner resonance

function. Two typical models for such a line shape are
used to fit the data. The first model assumes the state
around 1.85 GeV=c2 couples with the pp̄ and the dis-
tortion reflects the opening of the pp̄ decay channel.
The fit result for this model yields a strong coupling
between the broad structure and the pp̄ of g2pp̄=g20 ¼
2.31 ' 0.37þ 0.83

−0.60 , with a statistical significance larger
than 7% for being nonzero. The pole nearest to the pp̄
mass threshold of this state is located at Mpole ¼
1909.5 ' 15.9ðstatÞþ 9.4

−27.5ðsystÞ MeV=c2 and Γpole ¼
273.5 ' 21.4ðstatÞþ 6.1

−64.0ðsystÞ MeV=c2. The second model
assumes the distortion reflects interference between the
Xð1835Þ and another resonance with mass close to the pp̄
mass threshold. A fit with this model uses a coherent sum
of two interfering Breit-Wigner amplitudes to describe the
#0$þ $− mass spectrum around 1.85 GeV=c2. This fit yields
a narrow resonance below the pp̄ mass threshold with
M ¼1870.2' 2.2ðstatÞþ 2.3

−0.7ðsystÞMeV=c2 and Γ ¼ 13.0'
6.1ðstatÞþ 2.1

−3.8ðsystÞ MeV=c2, with a statistical significance
larger than 7%. With current data, both models fit the data
well with fit qualities, and both suggest the existence of a
state, either a broad state with strong couplings to the pp̄, or
a narrow state just below the pp̄ mass threshold. For the
broad state above the pp̄ mass threshold, its strong
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FIG. 4. Fit results of using a coherent sum of two Breit-Wigner
amplitudes. The dashed dotted vertical line shows the position of
the pp̄ mass threshold, the dots with error bars are data, the solid
curves are total fit results, the dashed curves are the sum of
Xð1835Þ and Xð1870Þ, the short-dashed curves are the f 1ð1510Þ,
the dash-dotted curves are the Xð2120Þ, the long-dashed curves
are nonresonant #0$þ $− fit results, and the shaded histograms are
background events. The inset shows the data and the global fit
between 1.8 and 1.95 GeV=c2.

TABLE I. Fit results of using the Flatté formula. The first errors
are statistical errors, and the second errors are systematic errors;
the branching ratio is the product of BðJ=! → "XÞ and
BðX → #0$þ $−Þ.

The state around 1.85 GeV=c2

M (MeV=c2) 1638.0 ' 121:9þ 127.8
−254.3

g20 [ðGeV=c2Þ2] 93.7 ' 35:4þ 47.6
−43.9

g2pp̄=g20 2.31 ' 0.37þ 0.83
−0.60

Mpole (MeV=c2) 1909.5 ' 15:9þ 9.4
−27.5

Γpole (MeV=c2) 273.5 ' 21:4þ 6.1
−64.0

Branching ratio ð3.93 ' 0.38þ 0.31
−0.84 Þ × 10−4

TABLE II. Fit results using a coherent sum of two Breit-Wigner
amplitudes. The first errors are statistical errors, and the second
errors are systematic errors; the branching ratio (B.R.) is the
product of BðJ=! → "XÞ and BðX → #0$þ $−Þ.

Xð1835Þ
Mass (MeV=c2) 1825.3 ' 2.4þ 17.3

−2.4
Width (MeV=c2) 245.2 ' 13:1þ 4.6

−9.6
B.R. (constructive interference) ð3.01 ' 0.17þ 0.26

−0.28 Þ × 10−4

B.R. (destructive interference) ð3.72 ' 0.21þ 0.18
−0.35 Þ × 10−4

Xð1870Þ
Mass (MeV=c2) 1870.2 ' 2.2þ 2.3

−0.7
Width (MeV=c2) 13.0 ' 6.1þ 2.1

−3.8
B.R. (constructive interference) ð2.03 ' 0.12þ 0.43

−0.70 Þ × 10−7

B.R. (destructive interference) ð1.57 ' 0.09þ 0.49
−0.86 Þ × 10−5
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gives B½J=! ! "Xð1835Þ$B½Xð1835Þ! #0$þ $−$¼ð3.72'
0.21Þ! 10−4, and B½J=! ! "Xð1870Þ$B½Xð1870Þ !
#0$þ $−$ ¼ ð1.57 ' 0.09Þ ! 10−5. In this model, the
Xð1920Þ is not included in the fit because its significance
is just3.9%. Considering systematic uncertainties (see below),
the significance ofXð1870Þ is larger than7%.

The systematic uncertainties come from data-MC
differences in the tracking, photon detection and particle
identification efficiencies, the kinematic fit, requirements
on the invariant mass distribution of"" , signal selection of
&0, #, and #0, total number ofJ=! events, branching
fractions for intermediate states decays, fit ranges, back-
ground descriptions, mass resolutions, and the intermediate
structure of$þ $−. In the first model, the dominant terms are
the fit range, the background description, and the inter-
mediate structure of$þ $−. Considering all systematic
uncertainties, the final result is shown in TableI. For the
second model, the dominant two systematic sources are the
background description and the intermediate structure of
$þ $−. Considering all systematic uncertainties, the final
result is shown in TableII.

In summary, theJ=! ! "#0$þ $− process is studied with
1.09 ! 109 J=! events collected at the BESIII experiment
in 2012. We observed a significant distortion of the#0$þ $−

line shape near thepp̄ mass threshold that cannot be
accommodated by an ordinary Breit-Wigner resonance

function. Two typical models for such a line shape are
used to fit the data. The first model assumes the state
around1.85 GeV=c2 couples with thepp̄ and the dis-
tortion reflects the opening of thepp̄ decay channel.
The fit result for this model yields a strong coupling
between the broad structure and thepp̄ of g2pp̄=g20 ¼
2.31 ' 0.37þ 0.83

−0.60 , with a statistical significance larger
than 7%for being nonzero. The pole nearest to thepp̄
mass threshold of this state is located atMpole ¼
1909.5 ' 15.9ðstatÞþ 9.4

−27.5ðsystÞ MeV=c2 and ! pole ¼
273.5 ' 21.4ðstatÞþ 6.1

−64.0ðsystÞ MeV=c2. The second model
assumes the distortion reflects interference between the
Xð1835Þ and another resonance with mass close to thepp̄
mass threshold. A fit with this model uses a coherent sum
of two interfering Breit-Wigner amplitudes to describe the
#0$þ $− mass spectrum around1.85 GeV=c2. This fit yields
a narrow resonance below thepp̄ mass threshold with
M ¼1870.2' 2.2ðstatÞþ 2.3

−0.7ðsystÞMeV=c2 and ! ¼ 13.0'
6.1ðstatÞþ 2.1

−3.8ðsystÞ MeV=c2, with a statistical significance
larger than7%. With current data, both models fit the data
well with fit qualities, and both suggest the existence of a
state, either a broad state with strong couplings to thepp̄, or
a narrow state just below thepp̄ mass threshold. For the
broad state above thepp̄ mass threshold, its strong
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TABLE I. Fit results of using the FlattŽ formula. The first errors
are statistical errors, and the second errors are systematic errors;
the branching ratio is the product ofBðJ=! ! "XÞ and
BðX ! #0$þ $−Þ.

The state around1.85 GeV=c2

M (MeV=c2) 1638.0 ' 121:9þ 127.8
−254.3

g20 [ðGeV=c2Þ2] 93.7 ' 35:4þ 47.6
−43.9

g2pp̄=g20 2.31 ' 0.37þ 0.83
−0.60

Mpole (MeV=c2) 1909.5 ' 15:9þ 9.4
−27.5

! pole (MeV=c2) 273.5 ' 21:4þ 6.1
−64.0

Branching ratio ð3.93 ' 0.38þ 0.31
−0.84 Þ ! 10−4

TABLE II. Fit results using a coherent sum of two Breit-Wigner
amplitudes. The first errors are statistical errors, and the second
errors are systematic errors; the branching ratio (B.R.) is the
product ofBðJ=! ! "XÞ andBðX ! #0$þ $−Þ.
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(1)  The proton antiproton  Question
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(1) The proton antiproton  Question  
What is the X(1835)?

(2) The "#  Question  
Why are there anomalous differences between J/! and !(2S) decays?

(3) The Y Question  
Why are there so many different peaks in exclusive e+e"  cross sections? 
e.g. Y(4230), Y(4260), Y(4360), Y(4660), etc.

(4) The Z Question  
What are the electrically charged ÒcharmoniumlikeÓ peaks? 
e.g. Zc(3900), Zc(4020), Zc(4055), etc.

 

Examples of Open Questions in Spectroscopy at BESIII
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(2) The "#  Question

16

BESIII Collaboration / Physics Letters B 710 (2012) 594Ð599 599

Fig. 2. ! ! invariant mass distribution (left) and Dalitz plot (right) with backgrounds subtracted and corrected for e ! ciency. Top and bottom graphs show the re sults for the
J/ " !" ! + ! ! ! 0 and " #!" ! + ! ! ! 0 analysis, respectively.
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J/ ! and ! (2S) ! " + " ! " 0

[PLB 710, 594 (2012)]

(using 225M J/! decays and 106M !(2S) decays)

598 BESIII Collaboration / Physics Letters B 710 (2012) 594Ð599

¥ The uncertainty due to the simulation model was estimated by
the difference in the e ! ciency with and without the reweight-
ing described in Section 2 for the J/ ! sample and by com-
paring with the e ! ciency obtained from a sample generated
using amplitudes extracted from a phenomenological Þt 8 for
the ! ! sample. For both cases, the model error is not the dom-
inant systematic error.

¥ The absolute energy scale of the EMC is known to an accuracy
of 0.4% [23] .

¥ The photon detection and reconstruction e ! ciency is de-
scribed by the simulation to within 1% per photon [23] .

¥ The uncertainty due to the " 0 Þnding and kinematic Þtting
was estimated by performing a different analysis with the J/ !
data sample (see Section 4). A tighter selection was applied
to the charged tracks and no " 0 was required. The difference
between data and simulation is taken as the systematic error.

¥ The uncertainty due to charged particle track Þnding and kine-
matic Þtting was estimated using an analysis with tight re-
quirements on the " 0 and one charged track. The e ! ciencies
for Þnding and reconstructing the other track were compared
between data and simulation (see Section 4).

¥ The e! ciency of the muon rejection (used only in the ! ! anal-
ysis) was estimated by either dropping the requirement or
demanding a penetration less than 30 cm instead of less than
40 cm.

¥ The trigger e ! ciency was changed from 100% to 99.8%, re-
ßecting the statistical uncertainty of the e ! ciency determina-
tion [14] .

¥ The background from continuum processes was estimated
using samples taken off-resonance (282 nb " 1 of luminosity
taken at a center-of-mass energy of 3.08 GeV, compared to
81 pb" 1 at the J/ ! resonance and 43 pb " 1 taken at a center-
of-mass energy of 3.650 GeV, compared to 163 pb " 1 at the ! !

resonance). The small samples due to the clean selection lead
to relatively large statistical errors for the continuum contri-
bution (18.0% for the J/ ! and 6.7% for the ! !). Compared to
these errors the systematic errors from the luminosity mea-
surements or varying beam conditions can be neglected.

¥ The accuracy of the inclusive simulation for describing back-
ground from resonant processes (i.e. J/ ! or ! ! decays with
different Þnal states) was checked in analyses requiring one
photon less (a " + " " # Þnal state) or one photon more
(a " + " " " 0# Þnal state) and was found to be mediocre; it is
assigned an uncertainty of 100%.

¥ The normalization (number of J/ ! or ! ! events) has an un-
certainty of 1.23% for the J/ ! sample [20] and 4% for the ! !

sample [21] .

Table 2 shows the impact of the systematic errors on the measured
branching fractions.

The branching fraction for J/ ! "# " + " " " 0 is determined
to be
!
2.137 ± 0.004 (stat.)+ 0.058

" 0.056 (syst.)+ 0.027
" 0.026 (norm .)

"
$ 10" 2,

and the branching fraction for ! ! "# " + " " " 0 is measured as
!
2.14 ± 0.03 (stat.)+ 0.08

" 0.07 (syst.)+ 0.09
" 0.08 (norm .)

"
$ 10" 4.

Invariant mass spectra and Dalitz plots are shown in Fig. 2.
The decay J/ ! "# " + " " " 0 is dominated by $(770) production;

8 In this Þt, contributions from $(770), a hypothetical higher $ with a mass of

2285 MeV / c2 and a width of 950 MeV / c2 and a hypothetical $3 with a mass of
1750 MeV / c2 and a width of 650 MeV / c2 were found to lead to an adequate de-
scription of the data.

Table 2
Impact of the systematic uncertainties on the measured branching fractions;
the various sources of systematic uncertainties lead to the listed upward and down-
ward changes in the branching fractions.

Source of systematic J/ ! "# " + " " " 0 ! ! "# " + " " " 0

Upward
change
(%)

Downward
change
(%)

Upward
change
(%)

Downward
change
(%)

MC simulation 0.25 " 0.23 1.20 " 1.20
EMC energy scale 0.02 " 0.02 0.18 " 0.15
# e! ciency 2.04 " 1.96 2.04 " 1.96
" 0 kinematic Þt 0.28 " 0.27 0.27 " 0.27
Tracking e! ciency 1.64 " 1.59 1.80 " 1.75
Muon cut Ð Ð 1.28 " 0.75
Trigger e! ciency 0.20 0 .00 0.20 0.00
Resonance background 0.67 " 0.67 1.45 " 1.45

Syst. w/o normalization 2.74 " 2.64 3.57 3.33
Normalization 1.26 " 1.23 4.17 " 3.85

Total syst. uncertainty 3.01 " 2.91 5.49 5.09
Syst. + stat. uncertainty 3.02 " 2.91 5.72 5.34

the absence of events in the center of the Dalitz plot points to
negatively interfering higher $ states. In the case of the ! ! "#
" + " " " 0 decay, a small $(770) contribution can be discerned.
Most of the events are however clustering around 2 .2 GeV/ c2 in
di-pion mass. To disentangle the contributions of various excited $
states to this peak will require a partial wave analysis.

6. Conclusion

The branching fractions for J/ ! "# " + " " " 0 and ! ! "#
" + " " " 0 have been measured with unprecedented precision at
the BES III experiment. The measurement for J/ ! "# " + " " " 0

is in good agreement with the world average of BF( J/ ! "#
" + " " " 0) = (2.07 ± 0.12) $ 10" 2 [8] while the result for ! ! "#
" + " " " 0 is slightly larger than the world average of BF(! ! "#
" + " " " 0) = (1.68 ± 0.26) $ 10" 4 [8] . The ratio of these two
branching fractions

BF(! ! "# " + " " " 0)
BF( J/ ! "# " + " " " 0)

=
!
1.00 ± 0.01 (stat.)+ 0.06

" 0.05 (syst.)
"
%,

where correlations between the systematic errors of the two anal-
yses have been taken into account, is found to be an order of
magnitude smaller than the ratio of 12% naively expected from the
fraction of decays via three gluon exchange.

The decay dynamics of the J/ ! are dominated by the $(770)
meson. While the $(770) is also visible in the case of the ! ! decay,
the dynamics there is dominated by states at higher masses. Un-
derstanding the nature of these higher mass states and why they
are suppressed in J/ ! decays and enhanced in ! ! decays may be
clariÞed in a partial wave analysis, which is beyond the scope of
this Letter.
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implies:

but:
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FIG. 1. (color online) Projection of the simultaneous Þt to the invariant mass ofM (! + ! ! " ) (left) andM (! 0! 0" ) (right). Dots with error
bars show data, the red solid curves show the total Þt result,and the blue dashed lines represent the background contributions.
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is observed. An unbinned maximum likelihood Þt to the
M (!! ) distribution is performed to detemine the signal yield.
The Þt function consists of three components representing
the signal, a smooth background frome+ e! ! !! (! ISR )
events, and a contribution from" (3686) ! !# cJ decays
with #cJ ! $0$0. The signal is modeled by a MC simulated
shape convoluted with a Gaussian function representing
the resolution difference between the MC simulation and
the data. The parameters of the Gaussian function are
left free in the Þt. The shape parameters of the smooth
background are determined from the MC simulation and
the magnitude is determined by the Þt to data. The size
and shape of the contribution from" (3686) ! !# cJ

decays with #cJ ! $0$0 are Þxed according to the
expectation from MC studies. The results of the maximum
likelihood Þt are shown in Fig. 3 and the goodness-of-Þt
is #2/ d.o.f = 40.6/ 46. The signal yield after correcting
for the efÞciency, which is 36.8% according to the MC
simulation, and the subsequent decay branching fraction is

423.4 ± 71.4, and the statistical signiÞcance of the$0 signal
is 6.7%(! (lnL ) = 26 .1, ! (d.o.f) = 3 ).

In the above three analyses, the branching fractions are
obtained using the signal yieldsN cor

sig , corrected for the
detection efÞciency and the subsequent branching fraction,
and the total number of" (3686) eventsN ! (3686)

tot according

to B =
N cor

sig

N ! (3686)
tot

. The results are summarized in Table I.

IV. SYSTEMATIC UNCERTAINTIES

The main sources of systematic uncertainty in the
branching fraction measurements stem from the data-
simulation differences in the track reconstruction efÞciency,
the photon detection efÞciency, the& and$0 reconstruction
efÞciency, and the kinematic Þt, and the uncertainties from
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is observed. An unbinned maximum likelihood Þt to the
M (!! ) distribution is performed to detemine the signal yield.
The Þt function consists of three components representing
the signal, a smooth background frome+ e! ! !! (! ISR )
events, and a contribution from" (3686) ! !# cJ decays
with #cJ ! $0$0. The signal is modeled by a MC simulated
shape convoluted with a Gaussian function representing
the resolution difference between the MC simulation and
the data. The parameters of the Gaussian function are
left free in the Þt. The shape parameters of the smooth
background are determined from the MC simulation and
the magnitude is determined by the Þt to data. The size
and shape of the contribution from" (3686) ! !# cJ

decays with #cJ ! $0$0 are Þxed according to the
expectation from MC studies. The results of the maximum
likelihood Þt are shown in Fig. 3 and the goodness-of-Þt
is #2/ d.o.f = 40.6/ 46. The signal yield after correcting
for the efÞciency, which is 36.8% according to the MC
simulation, and the subsequent decay branching fraction is

423.4 ± 71.4, and the statistical signiÞcance of the$0 signal
is 6.7%(! (lnL ) = 26 .1, ! (d.o.f) = 3 ).

In the above three analyses, the branching fractions are
obtained using the signal yieldsN cor

sig , corrected for the
detection efÞciency and the subsequent branching fraction,
and the total number of" (3686) eventsN ! (3686)

tot according

to B =
N cor

sig

N ! (3686)
tot

. The results are summarized in Table I.

IV. SYSTEMATIC UNCERTAINTIES

The main sources of systematic uncertainty in the
branching fraction measurements stem from the data-
simulation differences in the track reconstruction efÞciency,
the photon detection efÞciency, the& and$0 reconstruction
efÞciency, and the kinematic Þt, and the uncertainties from

(using 448M !(2S) decays)

B(J/ ! ! "# )
B(J/ ! ! "# !)

"
B(! (2S) ! "# )
B(! (2S) ! "# !)

B(J/ ! ! "# )
B(J/ ! ! "# !)

= (21 .4 ± 0.9)%

B(! (2S) ! "# )
B(! (2S) ! "# !)

= (0 .66± 0.13± 0.02)%

implies:

but:

and:

! (2S) ! "# and "# !

[PRD 96, 052003 (2017)]
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(1) The proton antiproton  Question  
What is the X(1835)?

(2) The "#  Question  
Why are there anomalous differences between J/! and !(2S) decays?

(3) The Y Question  
Why are there so many different peaks in exclusive e+e"  cross sections? 
e.g. Y(4230), Y(4260), Y(4360), Y(4660), etc.

(4) The Z Question  
What are the electrically charged ÒcharmoniumlikeÓ peaks? 
e.g. Zc(3900), Zc(4020), Zc(4055), etc.

 

Examples of Open Questions in Spectroscopy at BESIII
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004[11], PDG2006[12] and SethÕs evaluations[13] based on
Crystal Ball and BES data. The total width! tot ! ! r (M) in Eq.(9)

" (3770) " (4040) " (4160) " (4415)

M (MeV/c 2) PDG2004 3769.9± 2.5 4040± 10 4159± 20 4415± 6
PDG2006 3771.1± 2.4 4039± 1 4153± 3 4421± 4
CB (Seth) Ð 4037± 2 4151± 4 4425± 6
BES (Seth) Ð 4040± 1 4155± 5 4455± 6
BES (this work) 3772.0± 1.9 4039.6± 4.3 4191.7± 6.5 4415.1± 7.9

! tot (MeV) PDG2004 23.6± 2.7 52± 10 78± 20 43± 15
PDG2006 23.0± 2.7 80± 10 103± 8 62± 20
CB (Seth) Ð 85± 10 107± 10 119± 16
BES (Seth) Ð 89± 6 107± 16 118± 35
BES (this work) 30.4± 8.5 84.5± 12.3 71.8± 12.3 71.5± 19.0

! ee (keV) PDG2004 0.26± 0.04 0.75± 0.15 0.77± 0.23 0.47± 0.10
PDG2006 0.24± 0.03 0.86± 0.08 0.83± 0.07 0.58± 0.07
CB (Seth) Ð 0.88± 0.11 0.83± 0.08 0.72± 0.11
BES (Seth) Ð 0.91± 0.13 0.84± 0.13 0.64± 0.23
BES (this work) 0.22± 0.05 0.83± 0.20 0.48± 0.22 0.35± 0.12

# (degree) BES (this work) 0 130± 46 293± 57 234± 88

" (3770) is set to zero. The parameters of the" (2S) in Eq. (5)
are Þxed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref.[13] are
listed inTable 1. The Þtted parameters for the continuum com-
ponent areC0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) " 10# 3,
and C2 = # (0.66 ± 0.25) " 10# 6. And the scale factor is
f c = 1.002± 0.033. The updatedR values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs.[14,
15]) and the Þtting curves are shown inFig. 1. The quality of
the global Þtting is indicated by$ 2/ d.o.f.= 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and$ 2 = 63.60) with a Þt probability of 31.8%.

It should be noted that the" (4160) mass in this work is
about 30 MeV/c 2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq.(4) all have their phase angles#r Þxed to 0,
then the obtained mass parameters of the resonances" (4040),
" (4160), and " (4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2± 5.7 MeV, respectively, with a larger$ 2/ d.o.f.= 1.39
corresponding to a probability of 2.3%. These comparisons
show that the inßuence of the phase angles on the resonance
parameters is signiÞcant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of BreitÐWigner forms, energy dependence of the
full width predicted by the quantum mechanics model[20] or
the effective interaction theory[23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP[6] are used. We Þnd the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The Þt to theR values for the high mass charmonia structure. The dots
with error bars are the updatedR values. The solid curve shows the best Þt,
and the other curves show the contributions from each resonanceRBW, the
interferenceRint, the summation of the four resonancesRres= RBW + Rint,
and the continuum backgroundRcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best Þts give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic Þnal states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufÞciently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.

e+ e! ! hadrons
[BESII, PLB 660, 315 (2008)]

ψ(3770) = 13D1 
ψ(4040) = 33S1

ψ(4160) = 23D1 
ψ(4415) = 43S1

  J/ψ   = 13S1 
ψ(2S) = 23S1



detected in the EMC since it is produced preferentially
along the beam direction.

Candidate! ! ! " Ô! Ô" tracks are reÞtted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to theJ= mass. The resulting
! ! ! " J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The ! ! ! " J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have ane! e" (" ! " " ) mass in theJ= 
sidebands %2:76;2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of theJ= mass window
and sideband regions. An enhancement near4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum numberJPC ' 1"" charmonium
states, i.e., the #4040$,  #4160$, and #4415$[11], or the
X#3872$. The Fig. 1 inset includes the #2S$region with a
logarithmic scale for comparison;11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809 #2S$events. We search for sources of back-
grounds that contain a trueJ= and peak in the! ! ! " J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentiÞed kaons is checked by
reconstructing theK! K" J= andK( ! ) J= Þnal states;
we observe featureless mass spectra. Similar studies of ISR
events with a! ! ! " J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the! ! ! " J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e! e" ! q !q events produceJ= at a rate that is surpris-
ingly large [12Ð15], but no structure is observed for this
background.

We evaluate the statistical signiÞcance of the enhance-
ment using unbinned maximum likelihood Þts to the
! ! ! " J= mass spectrum. To evaluate the goodness of
Þt, the Þt probability is determined from the#2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try Þrst-, second-, and
third-order polynomials as null-hypothesis Þt functions.
The #2-probability estimates for these Þts range from
10" 16 to 10" 11. No substantial improvement is obtained
by including #4040$,  #4160$, or  #4415$[11] terms in
the Þt. We conclude that the structure near4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as theY#4260$.

It is important to test the ISR-production hypothesis
because theJPC ' 1"" assignment for theY#4260$ fol-
lows from it. The ISR photon is reconstructed in#24( 8$%
of theY#4260$events, in agreement with the 25% observed
for ISR #2S$events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with ! ! ! " J= mass in the regions%3:86; 4:06&GeV=c2

and%4:46;4:66&GeV=c2 from those with! ! ! " J= mass
in the signal region, deÞned as%4:16; 4:36&GeV=c2. The
distribution ofm2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR #2S$data events and for

) 4/c2 (GeV2
Recm

0 5

4
/c2

E
ve

nt
s 

/ 0
.1

 G
eV

-10

0

10

20

FIG. 2. The distribution ofm2
Rec. The points represent the

data events passing all selection criteria except that onm2
Rec

and having a! ! ! " J= mass near4260 MeV=c2, minus the
scaled distribution from neighboring! ! ! " J= mass regions
(see text). The solid histogram represents ISRY Monte Carlo
events, and the dotted histogram represents the ISR #2S$data
events.
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FIG. 1 (color online). The! ! ! " J= invariant-mass spec-
trum in the range3:8Ð5:0 GeV=c2 and (inset) over a wider
range that includes the #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboringe! e" and " ! " " mass regions
(see text). The solid curve shows the result of the single-
resonance Þt described in the text; the dashed curve represents
the background component.
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004[11], PDG2006[12] and SethÕs evaluations[13] based on
Crystal Ball and BES data. The total width! tot ! ! r (M) in Eq.(9)

" (3770) " (4040) " (4160) " (4415)

M (MeV/c 2) PDG2004 3769.9± 2.5 4040± 10 4159± 20 4415± 6
PDG2006 3771.1± 2.4 4039± 1 4153± 3 4421± 4
CB (Seth) Ð 4037± 2 4151± 4 4425± 6
BES (Seth) Ð 4040± 1 4155± 5 4455± 6
BES (this work) 3772.0± 1.9 4039.6± 4.3 4191.7± 6.5 4415.1± 7.9

! tot (MeV) PDG2004 23.6± 2.7 52± 10 78± 20 43± 15
PDG2006 23.0± 2.7 80± 10 103± 8 62± 20
CB (Seth) Ð 85± 10 107± 10 119± 16
BES (Seth) Ð 89± 6 107± 16 118± 35
BES (this work) 30.4± 8.5 84.5± 12.3 71.8± 12.3 71.5± 19.0

! ee (keV) PDG2004 0.26± 0.04 0.75± 0.15 0.77± 0.23 0.47± 0.10
PDG2006 0.24± 0.03 0.86± 0.08 0.83± 0.07 0.58± 0.07
CB (Seth) Ð 0.88± 0.11 0.83± 0.08 0.72± 0.11
BES (Seth) Ð 0.91± 0.13 0.84± 0.13 0.64± 0.23
BES (this work) 0.22± 0.05 0.83± 0.20 0.48± 0.22 0.35± 0.12

# (degree) BES (this work) 0 130± 46 293± 57 234± 88

" (3770) is set to zero. The parameters of the" (2S) in Eq. (5)
are Þxed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref.[13] are
listed inTable 1. The Þtted parameters for the continuum com-
ponent areC0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) " 10# 3,
and C2 = # (0.66 ± 0.25) " 10# 6. And the scale factor is
f c = 1.002± 0.033. The updatedR values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs.[14,
15]) and the Þtting curves are shown inFig. 1. The quality of
the global Þtting is indicated by$ 2/ d.o.f.= 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and$ 2 = 63.60) with a Þt probability of 31.8%.

It should be noted that the" (4160) mass in this work is
about 30 MeV/c 2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq.(4) all have their phase angles#r Þxed to 0,
then the obtained mass parameters of the resonances" (4040),
" (4160), and " (4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2± 5.7 MeV, respectively, with a larger$ 2/ d.o.f.= 1.39
corresponding to a probability of 2.3%. These comparisons
show that the inßuence of the phase angles on the resonance
parameters is signiÞcant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of BreitÐWigner forms, energy dependence of the
full width predicted by the quantum mechanics model[20] or
the effective interaction theory[23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP[6] are used. We Þnd the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The Þt to theR values for the high mass charmonia structure. The dots
with error bars are the updatedR values. The solid curve shows the best Þt,
and the other curves show the contributions from each resonanceRBW, the
interferenceRint, the summation of the four resonancesRres= RBW + Rint,
and the continuum backgroundRcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best Þts give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic Þnal states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufÞciently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.

e+ e! ! hadrons
[BESII, PLB 660, 315 (2008)]
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004[11], PDG2006[12] and SethÕs evaluations[13] based on
Crystal Ball and BES data. The total width! tot ! ! r (M) in Eq.(9)

" (3770) " (4040) " (4160) " (4415)

M (MeV/c 2) PDG2004 3769.9± 2.5 4040± 10 4159± 20 4415± 6
PDG2006 3771.1± 2.4 4039± 1 4153± 3 4421± 4
CB (Seth) Ð 4037± 2 4151± 4 4425± 6
BES (Seth) Ð 4040± 1 4155± 5 4455± 6
BES (this work) 3772.0± 1.9 4039.6± 4.3 4191.7± 6.5 4415.1± 7.9

! tot (MeV) PDG2004 23.6± 2.7 52± 10 78± 20 43± 15
PDG2006 23.0± 2.7 80± 10 103± 8 62± 20
CB (Seth) Ð 85± 10 107± 10 119± 16
BES (Seth) Ð 89± 6 107± 16 118± 35
BES (this work) 30.4± 8.5 84.5± 12.3 71.8± 12.3 71.5± 19.0

! ee (keV) PDG2004 0.26± 0.04 0.75± 0.15 0.77± 0.23 0.47± 0.10
PDG2006 0.24± 0.03 0.86± 0.08 0.83± 0.07 0.58± 0.07
CB (Seth) Ð 0.88± 0.11 0.83± 0.08 0.72± 0.11
BES (Seth) Ð 0.91± 0.13 0.84± 0.13 0.64± 0.23
BES (this work) 0.22± 0.05 0.83± 0.20 0.48± 0.22 0.35± 0.12

# (degree) BES (this work) 0 130± 46 293± 57 234± 88

" (3770) is set to zero. The parameters of the" (2S) in Eq. (5)
are Þxed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref.[13] are
listed inTable 1. The Þtted parameters for the continuum com-
ponent areC0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) " 10# 3,
and C2 = # (0.66 ± 0.25) " 10# 6. And the scale factor is
f c = 1.002± 0.033. The updatedR values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs.[14,
15]) and the Þtting curves are shown inFig. 1. The quality of
the global Þtting is indicated by$ 2/ d.o.f.= 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and$ 2 = 63.60) with a Þt probability of 31.8%.

It should be noted that the" (4160) mass in this work is
about 30 MeV/c 2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq.(4) all have their phase angles#r Þxed to 0,
then the obtained mass parameters of the resonances" (4040),
" (4160), and " (4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2± 5.7 MeV, respectively, with a larger$ 2/ d.o.f.= 1.39
corresponding to a probability of 2.3%. These comparisons
show that the inßuence of the phase angles on the resonance
parameters is signiÞcant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of BreitÐWigner forms, energy dependence of the
full width predicted by the quantum mechanics model[20] or
the effective interaction theory[23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP[6] are used. We Þnd the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The Þt to theR values for the high mass charmonia structure. The dots
with error bars are the updatedR values. The solid curve shows the best Þt,
and the other curves show the contributions from each resonanceRBW, the
interferenceRint, the summation of the four resonancesRres= RBW + Rint,
and the continuum backgroundRcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best Þts give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic Þnal states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufÞciently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.
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e+ e! ! ! + ! ! J/ "
[BaBar, PRL 95, 142001 (2005)]

vs.

detected in the EMC since it is produced preferentially
along the beam direction.

Candidate! ! ! " Ô! Ô" tracks are reÞtted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to theJ= mass. The resulting
! ! ! " J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The ! ! ! " J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have ane! e" (" ! " " ) mass in theJ= 
sidebands %2:76;2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of theJ= mass window
and sideband regions. An enhancement near4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum numberJPC ' 1"" charmonium
states, i.e., the #4040$,  #4160$, and #4415$[11], or the
X#3872$. The Fig. 1 inset includes the #2S$region with a
logarithmic scale for comparison;11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809 #2S$events. We search for sources of back-
grounds that contain a trueJ= and peak in the! ! ! " J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentiÞed kaons is checked by
reconstructing theK! K" J= andK( ! ) J= Þnal states;
we observe featureless mass spectra. Similar studies of ISR
events with a! ! ! " J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the! ! ! " J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e! e" ! q !q events produceJ= at a rate that is surpris-
ingly large [12Ð15], but no structure is observed for this
background.

We evaluate the statistical signiÞcance of the enhance-
ment using unbinned maximum likelihood Þts to the
! ! ! " J= mass spectrum. To evaluate the goodness of
Þt, the Þt probability is determined from the#2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try Þrst-, second-, and
third-order polynomials as null-hypothesis Þt functions.
The #2-probability estimates for these Þts range from
10" 16 to 10" 11. No substantial improvement is obtained
by including #4040$,  #4160$, or  #4415$[11] terms in
the Þt. We conclude that the structure near4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as theY#4260$.

It is important to test the ISR-production hypothesis
because theJPC ' 1"" assignment for theY#4260$ fol-
lows from it. The ISR photon is reconstructed in#24( 8$%
of theY#4260$events, in agreement with the 25% observed
for ISR #2S$events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with ! ! ! " J= mass in the regions%3:86; 4:06&GeV=c2

and%4:46;4:66&GeV=c2 from those with! ! ! " J= mass
in the signal region, deÞned as%4:16; 4:36&GeV=c2. The
distribution ofm2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR #2S$data events and for
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FIG. 2. The distribution ofm2
Rec. The points represent the

data events passing all selection criteria except that onm2
Rec

and having a! ! ! " J= mass near4260 MeV=c2, minus the
scaled distribution from neighboring! ! ! " J= mass regions
(see text). The solid histogram represents ISRY Monte Carlo
events, and the dotted histogram represents the ISR #2S$data
events.

)2) (GeV/c!J/-"+"m(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/c!J/-"+"m(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/c!J/-"+"m(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/c!J/-"+"m(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

3.6 3.8 4 4.2 4.4 4.6 4.8 51

10

210

310

410

FIG. 1 (color online). The! ! ! " J= invariant-mass spec-
trum in the range3:8Ð5:0 GeV=c2 and (inset) over a wider
range that includes the #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboringe! e" and " ! " " mass regions
(see text). The solid curve shows the result of the single-
resonance Þt described in the text; the dashed curve represents
the background component.
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calculated using theKKMC [30] program. To get the correct
ISR photon energy distribution, we use the

!!!
s

p
-dependent

cross section line shape of thee! e! ! ! ! ! ! J=" process,
i.e., #"

!!!
s

p
#, to replace the default one ofKKMC. Since

#"
!!!
s

p
#is what we measure in this study, the ISR correction

procedure needs to be iterated, and the final results are
obtained when the iteration converges. Figure1 shows the
measured cross section#"

!!!
s

p
#from both theXYZ data and

scan data (numerical results are listed in Supplemental
Material [33]).

To study the possible resonant structures in thee! e! !
! ! ! ! J=" process, a binned maximum likelihood fit is
performed simultaneously to the measured cross section
#"
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s

p
#of theXYZ data with Gaussian uncertainties and the

scan data with Poisson uncertainties. The PDF is para-
meterized as the coherent sum of three Breit-Wigner
functions, together with an incoherent" "3770#component
which accounts for the decay of" "3770#! ! ! ! ! J=" ,
with " "3770# mass and width fixed to PDG[8] values.
Because of the lack of data near the" "3770#resonance, it
is impossible to determine the relative phase between the
" "3770# amplitude and the other amplitudes. The ampli-
tude to describe a resonanceR is written as
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where M, ! tot, and ! e! e! are the mass, full width, and
electronic width of the resonanceR, respectively;BR is the
branching fraction of the decayR ! ! ! ! ! J=" ; ! "

!!!
s

p
# is

the phase space factor of the three-body decayR !
! ! ! ! J=" [8]; and $ is the phase of the amplitude. The
fit has four solutions with equally good fit quality[34] and
identical masses and widths of the resonances (listed in
TableI), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
TableII). Figure1 shows the fit results. The resonanceR1
has a mass and width consistent with that ofY"4008#
observed by Belle[5] within 1.0# and2.9#, respectively.

The resonanceR2 has a mass4222.0 %3.1 MeV=c2, which
agrees with the average mass,4251%9 MeV=c2 [8], of the
Y"4260# peak[1Ð5] within 3.0#. However, its measured
width is much narrower than the average width,120%
12 MeV [8], of the Y"4260#. We also observe a new
resonanceR3. The statistical significance ofR3 is estimated
to be7.9# (including systematic uncertainties) by compar-
ing the change of" "! 2 ln L# $ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom" n:d:f : $ 4 into account. The fit quality
is estimated using a%2-test method, with%2=n:d:f : $
93.6=110. Fit models taken from previous experiments
[1Ð5] are also investigated and are ruled out with a
confidence level equivalent to more than5.4#.

As an alternative description of the data, we use an
exponential[35] to model the cross section near 4 GeVas in
Ref. [4] instead of the resonanceR1. The fit results are
shown as dashed lines in Fig.1. This model also describes
the data very well. A%2 test to the fit quality gives
%2=n:d:f : $ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonanceR1 or the Y"4008#
resonance[3], is not necessary to explain the data. The fit
has four solutions with equally good fit quality[34] and
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FIG. 1. Measured cross section#"e! e! ! ! ! ! ! J=" # and simultaneous fit to theXYZ data (left) and scan data (right) with the
coherent sum of three Breit-Wigner functions (red solid curves) and the coherent sum of an exponential continuum and two Breit-
Wigner functions (blue dashed curves). Dots with error bars are data.

TABLE I. The measured masses and widths of the resonances
from the fit to thee! e! ! ! ! ! ! J=" cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacingR1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

M"R1# 3812.6! 61.9
! 96.6 (& & &)

! tot"R1# 476.9! 78.4
! 64.8 (& & &)

M"R2# 4222.0 %3.1 (4220.9 %2.9)

! tot"R2# 44.1 %4.3 (44.1 %3.8)

M"R3# 4320.0 %10.4 (4326.8 %10.0)

! tot"R3# 101.4! 25.3
! 19.7 (98.2! 25.4

! 19.6)
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measured cross section#"
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Material [33]).
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with " "3770# mass and width fixed to PDG[8] values.
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where M, ! tot, and ! e! e! are the mass, full width, and
electronic width of the resonanceR, respectively;BR is the
branching fraction of the decayR ! ! ! ! ! J=" ; ! "
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the phase space factor of the three-body decayR !
! ! ! ! J=" [8]; and $ is the phase of the amplitude. The
fit has four solutions with equally good fit quality[34] and
identical masses and widths of the resonances (listed in
TableI), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
TableII). Figure1 shows the fit results. The resonanceR1
has a mass and width consistent with that ofY"4008#
observed by Belle[5] within 1.0# and2.9#, respectively.

The resonanceR2 has a mass4222.0 %3.1 MeV=c2, which
agrees with the average mass,4251%9 MeV=c2 [8], of the
Y"4260# peak[1Ð5] within 3.0#. However, its measured
width is much narrower than the average width,120%
12 MeV [8], of the Y"4260#. We also observe a new
resonanceR3. The statistical significance ofR3 is estimated
to be7.9# (including systematic uncertainties) by compar-
ing the change of" "! 2 ln L# $ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom" n:d:f : $ 4 into account. The fit quality
is estimated using a%2-test method, with%2=n:d:f : $
93.6=110. Fit models taken from previous experiments
[1Ð5] are also investigated and are ruled out with a
confidence level equivalent to more than5.4#.

As an alternative description of the data, we use an
exponential[35] to model the cross section near 4 GeVas in
Ref. [4] instead of the resonanceR1. The fit results are
shown as dashed lines in Fig.1. This model also describes
the data very well. A%2 test to the fit quality gives
%2=n:d:f : $ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonanceR1 or the Y"4008#
resonance[3], is not necessary to explain the data. The fit
has four solutions with equally good fit quality[34] and
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TABLE I. The measured masses and widths of the resonances
from the fit to thee! e! ! ! ! ! ! J=" cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacingR1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

M"R1# 3812.6! 61.9
! 96.6 (& & &)

! tot"R1# 476.9! 78.4
! 64.8 (& & &)

M"R2# 4222.0 %3.1 (4220.9 %2.9)

! tot"R2# 44.1 %4.3 (44.1 %3.8)

M"R3# 4320.0 %10.4 (4326.8 %10.0)

! tot"R3# 101.4! 25.3
! 19.7 (98.2! 25.4

! 19.6)
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TABLE I. Summary of the measurement of the Born cross section ! B at individual c. m. energies. The subscript 1 or 2
denotes mode I or II, respectively. The Þrst uncertainties are statistical, and the second systematic. An upper limit at t he 90%
conÞdence level (C.L.) is determined by a proÞle likelihood method [29] for data samples with low signal signiÞcance.

!
s (GeV) L (pb ! 1) N obs

1 ! 1 (%) N obs
2 ! 2 (%) (1 + " r ) (1 + " v ) #B

1 (pb) #B
2 (pb) #B (pb)

4.008 482 0.0 ± 0.6 22.6 0.2 ± 2.3 4.7 0.70 1.056 < 0.9 < 23.3 < 0.9
4.085 52.6 4.0 ± 2.0 36.1 1.0 ± 1.0 20.9 0.75 1.056 6.5 ± 3.2 ± 0.9 3.9 ± 3.9 ± 0.3 5.4 ± 2.5 ± 0.6
4.189 43.1 3.8 ± 2.0 39.2 2.8 ± 2.2 27.7 0.76 1.056 6.8 ± 3.6 ± 0.7 9.9 ± 7.8 ± 1.5 7.3 ± 3.3 ± 0.7
4.208 54.6 8.9 ± 3.3 40.7 7.0 ± 3.0 27.5 0.76 1.057 12.2 ± 4.5 ± 1.7 20.0 ± 8.4 ± 1.9 14.0 ± 4.0 ± 1.5
4.217 54.1 13.0 ± 3.6 40.9 0.0 ± 0.7 27.3 0.76 1.057 17.8 ± 4.9 ± 1.5 < 30.4 17.8 ± 4.9 ± 1.5
4.226 1092 315 ± 18 39.2 141 ± 14 28.1 0.76 1.056 22.3 ± 1.3 ± 1.7 19.4 ± 1.9 ± 2.0 21.3 ± 1.1 ± 1.6
4.242 55.6 11.0 ± 3.3 41.4 7.9 ± 3.1 28.0 0.76 1.053 14.6 ± 4.4 ± 1.3 21.5 ± 8.4 ± 1.8 16.0 ± 3.9 ± 1.2
4.258 826 241 ± 16 40.3 84 ± 11 23.5 0.76 1.054 22.0 ± 1.4 ± 1.7 18.3 ± 2.5 ± 1.8 20.9 ± 1.2 ± 1.5
4.308 44.9 17.0 ± 4.2 41.6 15.0 ± 4.1 27.3 0.74 1.053 28.2 ± 6.9 ± 2.6 53.2 ± 14.5 ± 7.4 32.1 ± 6.2 ± 2.8
4.358 540 439 ± 21 41.2 275 ± 19 29.8 0.79 1.051 57.8 ± 2.8 ± 4.4 69.8 ± 4.8 ± 5.2 61.0 ± 2.4 ± 4.3
4.387 55.2 56.6 ± 7.6 39.4 25.7 ± 6.1 29.4 0.86 1.051 70.1 ± 9.4 ± 6.7 59.4 ± 14.1 ± 5.6 66.4 ± 7.8 ± 5.5
4.416 1074 693 ± 27 37.8 415 ± 24 27.4 0.96 1.053 41.0 ± 1.6 ± 3.2 47.3 ± 2.7 ± 3.7 42.8 ± 1.4 ± 3.0
4.467 110 15.1 ± 4.2 32.6 8.3 ± 4.2 23.9 1.10 1.055 8.8 ± 2.5 ± 1.0 9.2 ± 4.7 ± 1.9 8.9 ± 2.2 ± 0.9
4.527 110 13.4 ± 4.0 29.1 7.0 ± 3.6 20.8 1.25 1.055 7.7 ± 2.3 ± 0.9 7.8 ± 4.0 ± 1.2 7.7 ± 2.0 ± 0.8
4.575 47.7 4.5 ± 2.3 28.3 5.7 ± 3.2 20.2 1.23 1.055 6.2 ± 3.2 ± 0.8 15.4 ± 8.7 ± 1.8 7.3 ± 3.0 ± 0.8
4.600 567 106 ± 11 31.8 71 ± 10 21.5 1.08 1.055 12.6 ± 1.3 ± 1.2 17.2 ± 2.4 ± 1.6 14.6 ± 1.1 ± 1.1

uncertainty is estimated by varying the weight factors ac-
cording to the statistical uncertainty of data in each bin
on the Dalitz plane. For data sets with low luminosity,
the detection e! ciency is estimated using MC samples
with the Jpipi model; the corresponding uncertainty is
evaluated with large luminosity data sets, by taking the
largest di" erence of e! ciencies between theJpipi mod-
el MC sample and their nominal values with weighted
MC. The uncertainty related with the ISR correction fac-
tor is studied by replacing the input cross section line
shape with the latest results from BaBar [4] in KKMC,
and the change on (1 +! v ) " is taken as an uncertain-
ty. The uncertainty in the vacuum polarization factor
is 0.5% taken from a QED calculation [33]. The uncer-
tainty on the integrated luminosity is 1%, determined
with large angle Bhabha events [19]. The uncertainties
in the decay branching fractions of intermediate states
are quoted from the PDG [27]. The uncertainty from
others sources, such as lepton separation, trigger e! cien-
cy, and FSR are negligible, and are conservatively taken
to be 1.0%. Assuming all sources of systematic are inde-
pendent, the total uncertainties are obtained by adding
the individual values in quadrature, and are in a range
between 7.7% to 14.1% and 7.4% to 20.1%, depending on
c.m. energy, for mode I and II, respectively.

The measured Born cross sections ofe+ e! !
#+ #! $ (3686) at individual c.m. energies for the two
$(3686) decay modes are consistent with each other with-
in their uncertainties. The measurements are there-
fore combined by considering the correlated and un-
correlated uncertainties between the two modes, accord-
ing to Refs. [34, 35]. The comparison of the combined
Born cross section ofe+ e! ! #+ #! $ (3686) with those
from previous experimental results is shown in Fig. 2.
The results are consistent with former experiments, and
have much improved precision.
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FIG. 2. Born cross section of e+ e! ! " + " ! # (3686). The
dots (red) are the results obtained in this analysis, the tria n-
gles (green) and squares (blue) are from BELLE and BabarÕs
latest updated results, respectively. The solid curve is th e Þt
to BESIII results with the coherent sum of three Breit-Wigner
functions. The dashed curve (pink) is the Þt to BESIII results
with the coherent sum of two Breit-Wigner functions without
the Y (4220) hypothesis. The arrows mark the locations of
four energy points with large luminosities.

V. FIT TO THE CROSS SECTION

To study the possible resonant structures ine+ e! !
#+ #! $ (3686), a binned%2 Þt is applied to describe the
cross section obtained in this analysis in a energy region
from 4.085 GeV to 4.600 GeV. Assuming that three res-
onances exist, the PDF can be parameterized as

A = f 1ei ! 1 + f 2 + f 3ei ! 2 , (2)

where f 1 is for the Y(4220), f 2 is for the Y(4390), f 3 is
for the Y(4660), &1 is the phase angle betweenY(4390)

e+ e! ! ! + ! ! " (2S)
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TABLE I. Summary of the measurement of the Born cross section ! B at individual c. m. energies. The subscript 1 or 2
denotes mode I or II, respectively. The Þrst uncertainties are statistical, and the second systematic. An upper limit at t he 90%
conÞdence level (C.L.) is determined by a proÞle likelihood method [29] for data samples with low signal signiÞcance.
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4.008 482 0.0 ± 0.6 22.6 0.2 ± 2.3 4.7 0.70 1.056 < 0.9 < 23.3 < 0.9
4.085 52.6 4.0 ± 2.0 36.1 1.0 ± 1.0 20.9 0.75 1.056 6.5 ± 3.2 ± 0.9 3.9 ± 3.9 ± 0.3 5.4 ± 2.5 ± 0.6
4.189 43.1 3.8 ± 2.0 39.2 2.8 ± 2.2 27.7 0.76 1.056 6.8 ± 3.6 ± 0.7 9.9 ± 7.8 ± 1.5 7.3 ± 3.3 ± 0.7
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4.600 567 106 ± 11 31.8 71 ± 10 21.5 1.08 1.055 12.6 ± 1.3 ± 1.2 17.2 ± 2.4 ± 1.6 14.6 ± 1.1 ± 1.1

uncertainty is estimated by varying the weight factors ac-
cording to the statistical uncertainty of data in each bin
on the Dalitz plane. For data sets with low luminosity,
the detection e! ciency is estimated using MC samples
with the Jpipi model; the corresponding uncertainty is
evaluated with large luminosity data sets, by taking the
largest di" erence of e! ciencies between theJpipi mod-
el MC sample and their nominal values with weighted
MC. The uncertainty related with the ISR correction fac-
tor is studied by replacing the input cross section line
shape with the latest results from BaBar [4] in KKMC,
and the change on (1 +! v ) " is taken as an uncertain-
ty. The uncertainty in the vacuum polarization factor
is 0.5% taken from a QED calculation [33]. The uncer-
tainty on the integrated luminosity is 1%, determined
with large angle Bhabha events [19]. The uncertainties
in the decay branching fractions of intermediate states
are quoted from the PDG [27]. The uncertainty from
others sources, such as lepton separation, trigger e! cien-
cy, and FSR are negligible, and are conservatively taken
to be 1.0%. Assuming all sources of systematic are inde-
pendent, the total uncertainties are obtained by adding
the individual values in quadrature, and are in a range
between 7.7% to 14.1% and 7.4% to 20.1%, depending on
c.m. energy, for mode I and II, respectively.

The measured Born cross sections ofe+ e! !
#+ #! $ (3686) at individual c.m. energies for the two
$(3686) decay modes are consistent with each other with-
in their uncertainties. The measurements are there-
fore combined by considering the correlated and un-
correlated uncertainties between the two modes, accord-
ing to Refs. [34, 35]. The comparison of the combined
Born cross section ofe+ e! ! #+ #! $ (3686) with those
from previous experimental results is shown in Fig. 2.
The results are consistent with former experiments, and
have much improved precision.
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FIG. 2. Born cross section of e+ e! ! " + " ! # (3686). The
dots (red) are the results obtained in this analysis, the tria n-
gles (green) and squares (blue) are from BELLE and BabarÕs
latest updated results, respectively. The solid curve is th e Þt
to BESIII results with the coherent sum of three Breit-Wigner
functions. The dashed curve (pink) is the Þt to BESIII results
with the coherent sum of two Breit-Wigner functions without
the Y (4220) hypothesis. The arrows mark the locations of
four energy points with large luminosities.

V. FIT TO THE CROSS SECTION

To study the possible resonant structures ine+ e! !
#+ #! $ (3686), a binned%2 Þt is applied to describe the
cross section obtained in this analysis in a energy region
from 4.085 GeV to 4.600 GeV. Assuming that three res-
onances exist, the PDF can be parameterized as

A = f 1ei ! 1 + f 2 + f 3ei ! 2 , (2)

where f 1 is for the Y(4220), f 2 is for the Y(4390), f 3 is
for the Y(4660), &1 is the phase angle betweenY(4390)

the geometric description of the BESIII detector and the
detector response. For the signal process, we use an MC
sample fore! e! ! ! ! ! ! hc process generated according
to phase space. ISR is simulated withKKMC [26] with a
maximum energy for the ISR photon corresponding to the
! ! ! ! hc mass threshold.

We select signal candidates with the same method as that
described in Ref.[17]. Figure1 shows the scatter plot of
the invariant mass of the"c candidate vs the one of thehc
candidate and the invariant mass distribution of#"c in the
"c signal region for the data sample at

!!!
s

p
" 4.416 GeV.

A clearhc ! #"c signal is observed. The"c signal region is
defined by a mass window around the nominal" c mass[3],
which is within# 50 MeV=c2 with efficiency about 84%
(# 45 MeV=c2 with efficiency about 80%) from MC
simulation for final states with only charged orK0

S particles
(for those including! 0 or " ).

We determine the number of! ! ! ! hc signal events (nobs
hc

)
from the#"c invariant mass distribution. For theXYZ data
sample, the#"c mass spectrum is fitted with the MC
simulated signal shape convolved with a Gaussian function
to reflect the mass resolution difference between the data
and MC simulation, together with a linear background.
The fit to the data sample at
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p
" 4.416 GeV is shown in

Fig. 1. The tail on the high mass side is due to events with
ISR (ISR photon undetected); this is simulated withKKMC

in MC simulation, and its fraction is fixed in the fit. For
the data samples with large statistics (
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p
" 4.226, 4.258,

4.358, and 4.416 GeV), the fit is applied to the 16"c decay
modes simultaneously with the number of signal events
in each decay mode constrained by the corresponding
branching fraction[27]. For the data samples at the other
energy points, we fit the mass spectrum summed over all" c
decay modes. For theR-scan data sample, the number of
signal events is calculated by counting the entries in thehc

signal region$3.515; 3.535%GeV=c2 (nsig) and the entries
in the hc sideband regions$3.475; 3.495%GeV=c2 and
$3.555; 3.575%GeV=c2 (nside) using the formulanobs

hc
"

nsig ! fn side. Here, the scale factorf " 0.5 is the ratio
of the size of the signal region and the background region,
and the background is assumed to be distributed linearly in
the region of interest.

The Born cross section is calculated from

$B "
nobs

hc

L&1 ! %' j1 ! ! j2B1
P 16

i" 1 &iB2&i '
;

wherenobs
hc

is the number of observed signal events,L is the
integrated luminosity, (1 ! %) is the ISR correction factor,
j1 ! ! j2 is the correction factor for vacuum polarization
[28], B1 is the branching fraction ofhc ! #"c [3], &i and
B2&i ' are the detection efficiency and branching fraction
for the i th " c decay mode[27], respectively. The ISR
correction factor is obtained using the QED calculation as
described in Ref.[29] and taking the formula used to fit the
cross section measured in this analysis after two iterations
as input. The Born cross sections are summarized in the
Supplemental Material[19] together with all numbers used
in the calculation of the Born cross sections. The dressed
cross sections (including vacuum polarization effects) are
shown in Fig.2 with dots and squares for theR-scan and
XYZdata sample, respectively. The cross sections are of the
same order of magnitude as those of thee! e! ! ! ! ! ! J='
ande! e! ! ! ! ! ! ' &2S' [4Ð12], but follow a different line
shape. The cross section drops in the high energy region,
but more slowly than for thee! e! ! ! ! ! ! J=' process.

Systematic uncertainties in the cross section measure-
ment mainly come from the luminosity measurement, the
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vs.

the geometric description of the BESIII detector and the
detector response. For the signal process, we use an MC
sample fore! e! ! ! ! ! ! hc process generated according
to phase space. ISR is simulated withKKMC [26] with a
maximum energy for the ISR photon corresponding to the
! ! ! ! hc mass threshold.

We select signal candidates with the same method as that
described in Ref.[17]. Figure1 shows the scatter plot of
the invariant mass of the"c candidate vs the one of thehc
candidate and the invariant mass distribution of#"c in the
"c signal region for the data sample at
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p
" 4.416 GeV.

A clearhc ! #"c signal is observed. The"c signal region is
defined by a mass window around the nominal" c mass[3],
which is within# 50 MeV=c2 with efficiency about 84%
(# 45 MeV=c2 with efficiency about 80%) from MC
simulation for final states with only charged orK0

S particles
(for those including! 0 or " ).

We determine the number of! ! ! ! hc signal events (nobs
hc

)
from the#"c invariant mass distribution. For theXYZ data
sample, the#"c mass spectrum is fitted with the MC
simulated signal shape convolved with a Gaussian function
to reflect the mass resolution difference between the data
and MC simulation, together with a linear background.
The fit to the data sample at
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p
" 4.416 GeV is shown in

Fig. 1. The tail on the high mass side is due to events with
ISR (ISR photon undetected); this is simulated withKKMC

in MC simulation, and its fraction is fixed in the fit. For
the data samples with large statistics (
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p
" 4.226, 4.258,

4.358, and 4.416 GeV), the fit is applied to the 16"c decay
modes simultaneously with the number of signal events
in each decay mode constrained by the corresponding
branching fraction[27]. For the data samples at the other
energy points, we fit the mass spectrum summed over all" c
decay modes. For theR-scan data sample, the number of
signal events is calculated by counting the entries in thehc

signal region$3.515; 3.535%GeV=c2 (nsig) and the entries
in the hc sideband regions$3.475; 3.495%GeV=c2 and
$3.555; 3.575%GeV=c2 (nside) using the formulanobs

hc
"

nsig ! fn side. Here, the scale factorf " 0.5 is the ratio
of the size of the signal region and the background region,
and the background is assumed to be distributed linearly in
the region of interest.

The Born cross section is calculated from

$B "
nobs

hc

L&1 ! %' j1 ! ! j2B1
P 16

i" 1 &iB2&i '
;

wherenobs
hc

is the number of observed signal events,L is the
integrated luminosity, (1 ! %) is the ISR correction factor,
j1 ! ! j2 is the correction factor for vacuum polarization
[28], B1 is the branching fraction ofhc ! #"c [3], &i and
B2&i ' are the detection efficiency and branching fraction
for the i th " c decay mode[27], respectively. The ISR
correction factor is obtained using the QED calculation as
described in Ref.[29] and taking the formula used to fit the
cross section measured in this analysis after two iterations
as input. The Born cross sections are summarized in the
Supplemental Material[19] together with all numbers used
in the calculation of the Born cross sections. The dressed
cross sections (including vacuum polarization effects) are
shown in Fig.2 with dots and squares for theR-scan and
XYZdata sample, respectively. The cross sections are of the
same order of magnitude as those of thee! e! ! ! ! ! ! J='
ande! e! ! ! ! ! ! ' &2S' [4Ð12], but follow a different line
shape. The cross section drops in the high energy region,
but more slowly than for thee! e! ! ! ! ! ! J=' process.

Systematic uncertainties in the cross section measure-
ment mainly come from the luminosity measurement, the
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(1) The proton antiproton  Question  
What is the X(1835)?

(2) The "#  Question  
Why are there anomalous differences between J/! and !(2S) decays?

(3) The Y Question  
Why are there so many different peaks in exclusive e+e"  cross sections? 
e.g. Y(4230), Y(4260), Y(4360), Y(4660), etc.

(4) The Z Question  
What are the electrically charged ÒcharmoniumlikeÓ peaks? 
e.g. Zc(3900), Zc(4020), Zc(4055), etc.

 

Examples of Open Questions in Spectroscopy at BESIII
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a mass difference of2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming theZc!3900" couples strongly withD !D# results
in an energy dependence of the total width [22], and the Þt
yields a difference of2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the Þt range, and varying the requirements on the! 2 of the
kinematic Þt. We Þnd differences of3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of theJ=c
andD0 signals. We Þnd the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studiede$ e% ! " $ " %J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be !62:9 & 1:9 & 3:7" pb, which agrees with the existing
results from theBABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
!3899:0 & 3:6 & 4:9" MeV=c2 and a width of!46& 10&
20" MeV is observed in the" & J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed inB decays, with unconÞrmed
structures reported in the" & c !3686" and" & ! c1 systems
[23Ð26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near theD !D# and D# !D#

thresholds [27].
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select theD! candidates. We use events in30 MeV=c2-
wide sideband regions centered at40 MeV=c2 above
and below theD mass peaks to evaluate non-D meson
backgrounds.

Figure 1(a) shows the distribution of masses recoiling
against the detected! ! D0 system[23], where a prominent
peak atmD" ! is evident. The solid-line histogram shows the
same distribution for MC-simulatede! e! ! ! ! D0D" ! ,
D0 ! K! ! ! three-body phase-space events. Because of
the limited phase space, some events from the isospin part-
ner decay! ! Zc#3885$! , Zc#3885$! ! D! D" 0, where the
detectedD0 is from theD" 0 decay, also peak nearmD" ! , as
shown by the dashed histogram for MC-simulated
e! e! ! ! ! Zc#3885$! , Zc#3885$! ! D! D"0, D" 0 ! "
or ! 0D0 decays with the mass and width of the
Zc#3885$ set to our final measured values. Since the
D øD" invariant mass distribution is equivalent to the bach-
elor pion recoil mass spectrum, the shape of the
Zc#3885$! D øD" signal peak is not sensitive to the parent-
age of theD meson that is used for the event tagging.
Figure 1(b) shows the corresponding plot for! ! D! -tag
events, where the solid histogram shows the contribution
from MC-simulated e! e! ! ! ! D! øD" 0 three-body
phase-space events and the dashed histogram shows the
cross feed from MC-simulatede! e! ! ! ! Zc#3885$! ,
Zc#3885$! ! øD0D"! , D"! ! ! 0D! events.

We apply a two-constraint (2C) kinematic fit to the
selected events that constrains the invariant mass of the
D0 (D! ) candidate to be equal tomD0 (mD! ) and the mass
recoiling from the! ! D0 (! ! D! ) to be equal tomD" !

(møD" 0). If there is more than one bachelor pion candidate
in an event, we retain the one with the smallest#2 from
the 2C fit. Events with#2 < 30 are retained for further
analysis. For the ! ! D0-tag analysis, we require
M#! ! D0$> 2.02 GeV=c2 to reject e! e! ! D"! D" ! ,
D"! ! ! ! D0 events. Figure2(a)[2(b)] shows the distribu-
tion ofD0D" ! (D! øD"0) invariant masses recoiling from the
bachelor pion for the! ! D0- (! ! D! -) tag events. Both dis-
tributions have a distinct peak near themD ! møD" mass
threshold. For cross-feed events, the reconstructedD
meson is not, in fact, recoiling from aøD" , and the efficiency
for these events decreases with increasingD øD" mass. This
acceptance variation is not sufficient to produce a peaking

structure, and its influence on the signal parameter deter-
mination is small compared to other sources of systematic
error.

To characterize the observed enhancement and determine
the signal yield, we fit the histograms of Figs.2(a)and2(b)
using a mass-dependent-width Breit-Wigner (BW) line
shape using the parametrization described in Ref.[24] to
model the signal and smooth threshold functions to re-
present the nonpeaking background. In the default fits,
we assumeS waves forZc#3885$ production and decay,
and leave theZc#3885$ mass, width, and yield as free
parameters. We multiply the BW by the mass-dependent
efficiency to form the signal probability density function.
Mass resolution effects are less than1 MeV=c2 and
ignored. For the default nonpeaking background, we
use:f bkg#mD øD" $! #mD øD" ! Mmin$c#Mmax! mD øD" $d, where
Mmin andMmax are the minimum and maximum kinemat-
ically allowed masses, respectively, andc and d are free
parameters.

The solid curves in Fig.2 show the fit results and the
dashed curves show the nonresonant background. The
Zc#3885$ signal significance for each fit is greater than
18$. The fitted BW mass and width from the! ! D0

(! ! D! )-tag sample are3889:2 %1.8 MeV=c2 and28:1 %
4.1 MeV (3891:8 %1.8 MeV=c2 and 27:8 %3.9 MeV),
respectively, where the errors are statistical only. Since
the mass and width of a mass-dependent-width BW are
model dependent[26], we solve for the corresponding com-
plex quantitiesP & Mpole ! i ! pole=2 for which the BW
denominators are zero, and useMpole and! pole to character-
ize theZc#3885$. These are listed in TableI.

Monte Carlo studies indicate that the process
e! e! ! D øD1#2420$, øD1#2420$! øD" ! , whereD1#2420$
is the lightest establishedD" ! resonance with
MD1

& 2421:3 %0.6 MeV=c2 and ! D1
& 27:1 %

2.7 MeV [6], would produce a near-threshold reflection
peak in theD øD" mass distribution. TheD1#2420$ peak
mass is30 MeV=c2 above the

!!!
s

p
! mD kinematic boun-

dary, which suggests that contributions fromD øD1#2420$
final states would be small. However, some models for
the Y#4260$ attribute it to a boundD øD1 molecular state
[13], in which case subthresholdøD1 ! øD" ! decays
might be important and, possibly, produce a reflection peak
in the D øD" mass distribution that mimics aZc#3885$
signal.

We study this possibility by separating the events into
two samples according to j cos%! Dj > 0.5 and

FIG. 2 (color online). The (a) M#D0D" ! $ and
(b) M#D! øD" 0$ distributions for selected events. The curves
are described in the text.

TABLE I. The pole massMpole and width! pole, signal yields
and fit quality (#2=ndf) for the two tag samples.

Tag Mpole#MeV=c2$ ! pole (MeV) Zc signal (evts)#2=ndf

! ! D0 3882:3 %1.5 24:6 %3.3 502%41 54=54
! ! D! 3885:5 %1.5 24:9 %3.2 710%54 60=54
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(4) The Z Question

e+ e! ! ! ± (D øD " )#

[PRL 112, 022001 (2014)]

e+ e! ! ! ± (! " J/ " )
[PRL 110, 252001 (2013)]

(using 525 pb"1  at 4.26 GeV) (using 525 pb"1  at 4.26 GeV)

M = (3899.0 ± 3.6 ± 4.9) MeV/ c2;
! = (46 ± 10± 20) MeV/ c2

M = (3883.9 ± 1.5 ± 4.2) MeV/ c2;
! = (24 .8 ± 3.3 ± 11.0) MeV/ c2;

J P = 1 +
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is a kinematic factor withki being the magnitude of the
three-vector momentum of the final state particle (J=! orD)
in theZc rest frame; andg0

1 andg0
2 are the coupling strengths

of Z!
c ! " ! J=! and Z!

c ! "D øD#$! , respectively, which
will be determined by the fit to the data.

To describe the" %" ! mass spectrum, four resonances,#,
f 0"980$, f 2"1270$, andf 0"1370$, are introduced.f 0"980$
is described with a FlattŽ formula[25], and the others are
described with relativistic Breit-Wigner (BW) functions.
The width of the wide resonance# is parametrized
with ! #"s$ &

!!!!!!!!!!!!!!!!!!!!!!!!!
1 ! "4m2

" =s$
p

! [26,27], and the masses
and widths for thef 2"1270$ andf 0"1370$ are taken from
the Particle Data Group[28]. The statistical significance for
each resonance is determined by examining the probability
of the change in log likelihood"logL$ values between
including and excluding this resonance in the fits, and the
probability is calculated under the$2 distribution hypoth-
esis taking the change of the number of degrees of freedom
" "ndf$ into account. With this procedure, the statistical
significance of each of these states and the nonresonant
process is estimated to be larger than5#. All of them are
therefore included in the nominal fit, which includes
the e%e! ! #J=! , f 0J=! , f 0"1370$J=! , f 2"1270$J=! ,
Z!

c " ! , and nonresonant processes.

A simultaneous fit is performed to the two data sets. The
coupling constants are set as free parameters and are
allowed to be different at the two energy points except
for the common ones describingZc decays. The oppositely
chargedZc states are regarded as isospin partners; they
share a common mass and coupling parametersg0

1 andg0
2.

Figure1 shows projections of the fit results at
!!!
s

p
& 4.23

and 4.26 GeV, with a fit goodness of the Dalitz plot
$2=ndf & 1.3 and 1.2, respectively. The mass ofZ!

c is
measured to beMZc

& "3901.5 ! 2.7stat$ MeV=c2, and the
coupling parametersg0
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!!!
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p
& 4.23 GeV (a),(b) and!!!

s
p
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is a kinematic factor withki being the magnitude of the
three-vector momentum of the final state particle (J=! orD)
in theZc rest frame; andg0

1 andg0
2 are the coupling strengths

of Z!
c ! " ! J=! and Z!

c ! "D øD#$! , respectively, which
will be determined by the fit to the data.

To describe the" %" ! mass spectrum, four resonances,#,
f 0"980$, f 2"1270$, andf 0"1370$, are introduced.f 0"980$
is described with a FlattŽ formula[25], and the others are
described with relativistic Breit-Wigner (BW) functions.
The width of the wide resonance# is parametrized
with ! #"s$ &

!!!!!!!!!!!!!!!!!!!!!!!!!
1 ! "4m2

" =s$
p

! [26,27], and the masses
and widths for thef 2"1270$ andf 0"1370$ are taken from
the Particle Data Group[28]. The statistical significance for
each resonance is determined by examining the probability
of the change in log likelihood"logL$ values between
including and excluding this resonance in the fits, and the
probability is calculated under the$2 distribution hypoth-
esis taking the change of the number of degrees of freedom
" "ndf$ into account. With this procedure, the statistical
significance of each of these states and the nonresonant
process is estimated to be larger than5#. All of them are
therefore included in the nominal fit, which includes
the e%e! ! #J=! , f 0J=! , f 0"1370$J=! , f 2"1270$J=! ,
Z!

c " ! , and nonresonant processes.
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s
p
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shaded histogram denotes backgrounds. The contributions from the" %" ! S-waveJ=! , f 2"1270$J=! , andZ!

c " ! are shown in the plots. The
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combined data within theZc mass regionmJ=!" ! !
"3.86; 3.92# GeV=c2, where #J=! is the angle between
the momentum ofJ=! in the Zc rest frame and theZc
momentum in thee$ e" rest frame. The fit results, using
different assumptions for theZc spin and parity, are drawn
with a global normalization factor. The distribution indi-
cates that data favor a spin and parity assignment of1$ for
the Z!

c . The significance of theZ!
c "1$ # hypothesis is

further examined using the hypothesis test[29], in which
the alternative hypothesis is our nominal fit with an
additional Z!

c "JP # 1$ # state. PossibleJP assignments,
other than1$ , are 0" , 1" , 2" , and 2$ . The changes
" 2! ln L when theZc"1$ #" ! amplitude is removed from
the alternative hypothesis are listed in TableI. Using the
associated change in the ndf when theZ!

c "1$ #is excluded,
we determine the significance of the1$ hypothesis over the
alternativeJP possibilities to be larger than7$.

The fit results shown in Fig.1 indicate that process is
dominated by the"" S-wave resonances, i.e., the$,
f 0"980#, andf 0"1370#. The fraction of all" $ " " S-wave

components including the interference between them is
measured to be"61.7 ! 2.1stat#% of the total " $ " " J=!
events at

!!!
s

p
% 4.23 GeV and"71.4 ! 4.1stat#% at

!!!
s

p
%

4.26 GeV. The signal yieldsNZ!
c

of Z!
c are calculated by

scaling its partial signal ratio with the total number of signal
events. They are measured to beNZ!

c
% 952.3 ! 39.3stat at

!!!
s

p
% 4.23 GeV and343.3 ! 23.3stat at

!!!
s

p
% 4.26 GeV.

Here, the errors are statistical only, and they are estimated
using the covariance matrix from the fits.

To measure amplitudes associated with the polarization
of Z!

c in e$ e" ! Z!
c " ! and that of J=! in Z!

c !
J=!" ! decays in the nominal fit, the ratios of helicity
amplitudes with different polarizations as defined in Eq.(1)
are calculated to bejFZc

1;0j
2=jFZc

0;0j
2 % 0.22! 0.05stat at

4.23 GeV and0.21! 0.11stat at 4.26 GeV fore$ e" !
Z!

c " ! , andjF!
1;0j

2=jF!
0;0j2%0.45! 0.15stat for Z!

c ! J=!" ! ,

at both energy points. HereFZc=!
1;0 andFZc=!

0;0 correspond to
transverse and longitudinal polarization amplitudes in the
decay, respectively. The results show that theZc polariza-
tion is dominated by the longitudinal component.

The Born cross section forZc production is measured
with the relation$ % NZ!

c
=&L"1 $ %#&B', where NZ!

c
is

the signal yield for the processe$ e" ! Z$
c " " $ c:c: !

" $ " " J=! , L is the integrated luminosity, and& is the
detection efficiency obtained from a Monte Carlo (MC)
simulation which is generated using the amplitude param-
eters determined in the PWA. The radiative correction
factor (1 $ %) is determined to be 0.818[1]. The Born
cross section is measured to be"22.0 ! 1.0stat# pb at

!!!
s

p
%

4.23 GeV and"11.0 ! 1.2stat# pb at
!!!
s

p
% 4.26 GeV.

Using these two data sets, we also search for the
process e$ e" ! Zc"4020#$ " " $ c:c: ! " $ " " J=! , with
the Zc"4020#! assumed to be a1$ state. In the PWA,
its mass is taken from Ref.[12], and its width is taken as the
observed value, which includes the detector resolution. The
statistical significance forZc"4020#! ! J=!" ! is found to
be 3$ in the combined data. The Born cross sections
are measured to be"0.2 ! 0.1stat# pb at 4.23 GeV and
"0.8 ! 0.4stat# pb ats % 4.26 GeV, and the corresponding
upper limits at the 90% confidence level are estimated to be
0.9 and 1.4 pb, respectively.

Systematic errors associated with the event selection,
including the luminosity measurement, tracking efficiency
of charged tracks, kinematic fit, initial state radiation
correction factor, and the branching fraction of
Br"J=! ! l $ l " #, have been estimated to be 4.8% for
the cross section measurement and 1.8 MeV for theZc
mass in the previous analysis[1].

Uncertainties associated with the amplitude analysis
come from the$ andZc parametrizations, the background
estimation, the parameters in thef 0"980# FlattŽ formula,
the barrier radius in the barrier factor, the mass resolution,
and the component of nonresonant amplitude.

TABLE I. Significance of the spin parity1$ over other quantum
numbers forZ!

c . The significance is obtained for given change in
ndf, ! "ndf#. In each case,! "ndf# %2 ! 4 $ 5, where2 ! 4 ndf
account for the coupling strength fore$ e" ! Z!

c " ! at the two
data sets and the additional five ndf are the contribution of the
common degrees of freedom for theZc resonant parameters and
the coupling strength forZ!

c ! J=!" ! .

Hypothesis ! "" 2 ln L# ! "ndf# Significance

1$ over 0" 94.0 13 7.6$
1$ over 1" 158.3 13 10.8$
1$ over 2" 151.9 13 10.5$
1$ over 2$ 96.0 13 7.7$

FIG. 2. (a) Polar angle distribution ofZ!
c in the process

e$ e" ! Z$
c " " $ c:c.; (b) helicity angle distribution ofJ=! in

the Z!
c ! " ! J=! . The dots with error bars show the combined

data with the requirementmJ=!" ! ! "3.86; 3.92# GeV=c2 and
compared to the total fit results with differentJP hypotheses.
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e+ e! ! ! ± (! " J/ " )
[PRL 119, 072001 (2017) (Aug. 16)]

(using 827 pb"1  at 4.26 GeV)(using 1092 pb"1  at 4.23 GeV)

M = (3881.2 ± 4.2 ± 52.7) MeV/ c2;
! = (51 .8 ± 4.6 ± 36.0) MeV/ c2;

J P = 1 +

(4) The Z Question
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Gaussian with a mass resolution determined from the data
directly. Assuming the spin parity of theZc!4020" JP #
1$ , a phase space factorpq3 is considered in the partial
width, wherep is the Zc!4020" momentum in thee$ e%

c.m. frame andq is thehc momentum in theZc!4020" c.m.
frame. The background shape is parametrized as an
ARGUS function [18]. The efÞciency curve is considered
in the Þt, but possible interferences between the signal and
background are neglected. Figure4 shows the Þt results;
the Þt yields a mass of!4022:9 & 0:8" MeV=c2 and a width
of !7:9 & 2:7" MeV. The goodness of Þt is found to be
! 2=n:d:f : # 27:3=32 # 0:85 by projecting the events into

a histogram with 46 bins. The statistical signiÞcance of the
Zc!4020" signal is calculated by comparing the Þt like-
lihoods with and without the signal. Besides the nominal
Þt, the Þt is also performed by changing the Þt range, the
signal shape, or the background shape. In all cases, the
signiÞcance is found to be greater than8:9" .

The numbers ofZc!4020" events are determined to be
N' Zc!4020"& ( # 114& 25, 72& 17, and67& 15 at 4.23,
4.26, and 4.36 GeV, respectively. The cross sections are
calculated to be" ' e$ e% ! # & Zc!4020") ! # $ # %hc( #
!8:7 & 1:9 & 2:8 & 1:4" pb at 4.23 GeV,!7:4& 1:7& 2:1&
1:2" pb at 4.26 GeV, and!10:3 & 2:3 & 3:1 & 1:6" pb at
4.36 GeV, where the Þrst errors are statistical, the second
ones systematic (described in detail below), and the third
ones from the uncertainty inB !hc ! $%c" [14]. The
Zc!4020" production rate is uniform at these three energy
points.

Adding aZc!3900" with the mass and width Þxed to the
BESIII measurement [1] in the Þt results in a statistical
signiÞcance of2:1" (see the inset in Fig.4). We set upper
limits on the production cross sections as" ' e$ e% !
# & Zc!3900") ! # $ # %hc( < 13 pb at 4.23 GeV and
< 11 pbat 4.26 GeV, at the 90% conÞdence level (C.L.).
The probability density function from the Þt is smeared by
a Gaussian function with a standard deviation of" sys to
include the systematic error effect, where" sys is the rela-
tive systematic error in the cross section measurement
described below. We do not Þt the 4.36 GeV data, as the
Zc!3900" signal overlaps with the reßection of the
Zc!4020" signal.

The systematic errors for the resonance parameters of
the Zc!4020" come from the mass calibration, parametri-
zation of the signal and background shapes, possible exis-
tence of theZc!3900" and interference with it, Þtting range,
efÞciency curve, and mass resolution. The uncertainty
from the mass calibration is estimated by using the differ-
ence between the measured and knownhc masses andD0

masses (reconstructed fromK%# $ ). The differences are
(2:1 & 0:4) and%!0:7 & 0:2" MeV=c2, respectively. Since
our signal topology has one low momentum pion and many
tracks from thehc decay, we assume these differences
added in quadrature,2:6 MeV=c2, is the systematic error
due to the mass calibration. Spin parity conservation for-
bids a zero spin for theZc!4020", and, assuming that
contributions fromD wave or higher are negligible, the
only alternative isJP # 1% for the Zc!4020". A Þt under
this scenario yields a mass difference of0:2 MeV=c2 and a
width difference of 0.8 MeV. The uncertainty due to the
background shape is determined by changing to a second-
order polynomial and by varying the Þt range. A difference
of 0:1 MeV=c2 for the mass is found from the former, and
differences of0:2 MeV=c2 for mass and 1.1 MeV for width
are found from the latter. Uncertainties due to the mass
resolution are estimated by varying the resolution differ-
ence between the data and MC simulation by one standard
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FIG. 3 (color online). M# & hc
distribution ofe$ e% ! # $ # %hc

candidate events in thehc signal region (dots with error bars) and
the normalizedhc sideband region (shaded histogram), summed
over data at all energy points.
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FIG. 4 (color online). Sum of the simultaneous Þts to the
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distributions at 4.23 and 4.26 GeV withZc!3900" and
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total Þt, and the dotted curves the backgrounds from the Þt.
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distribution for the WS events, shown in Fig.3(a), is
compatible with an ARGUS-function[20] shape fit to the
sidebands of the signal peak in the data. As shown in
Figs.3(b) and3(c), the WS events with a scaling factor of
1.9 well represent the combinatorial backgrounds in the
recoil mass spectra of the bachelor! ! . This scaling is
verified by an analysis of the inclusive MC data.
Backgrounds from the soft! ! from D! ! decays in the
e" e! ! D!" D! ! #! 0; " ISR$ processes are not well
described by the WS background; itsRM#! ! $distribution
peaks in the region above4.1 GeV=c2, which is excluded
in this analysis.

In Fig. 3(c), a clear enhancement above the WS back-
ground is evident. To study the enhancement, the events of
the D!" øD! 0! ! final states within the signal region
#2.135; 2.175$ GeV=c2 in Fig. 3(a) are selected and dis-
played in Fig.4. The enhancement cannot be attributed to
the PHSPe" e! ! D!" øD! 0! ! process. We simulate the
processes ofe" e! ! D!! øD#!$; D!! ! D#!$! #! $, where
D!! denotes neutral and charged highly excitedD states,
such asD!

0#2400$, D1#2420$, D1#2430$, and D!
2#2460$.

Among these processes, only those withD!" øD! 0! ! final
states, which are not components of the WS backgrounds,
would contribute to the difference between data and the WS
backgrounds. No peaking structure in the! ! recoil mass
spectra for these simulated events is seen in Fig.4. Since
the energy

!!!
s

p
% 4.26 GeV is much lower than the pro-

duction thresholds ofD!! øD! , we neglect the possibility of
backgrounds relevant toD!! øD! processes.

The observed enhancement is very close to the
m#D!" $ " m#øD! 0$ mass threshold. We assume that the
enhancement is due to a particle, labeled asZ"

c #4025$, and
parameterize its line shape by the product of anS-wave
Breit-Wigner (BW) shape and a phase space factorp áq

"
"
"
"

1
M2 ! m2 " im! =c2

"
"
"
"
2

áp áq: (1)

Here,M is the reconstructed mass;m is the resonance mass;
! is the width;p#q$is theD!" #! ! $momentum in the rest
frame of theD!" øD! 0 system (the initiale" e! system).

The signal yield of Z"
c #4025$ is estimated by an

unbinned maximum likelihood fit to the spectrum of
RM#! ! $. The fit results are shown in Fig.4. Possible
interference between theZ"

c #4025$ signals and the PHSP
processes is neglected. TheZ"

c #4025$signal shape is taken
as an efficiency-weighted BW shape convoluted with a
detector resolution function, which is obtained from MC
simulation. The detector resolution is about2 MeV=c2 and
is asymmetric due to the effects of ISR. The shape of the
combinatorial backgrounds is taken from the kernel esti-
mate[21] of the WS events and its magnitude is fixed to the
number of the fitted background events within the signal
window in Fig.3(a). The shape of the PHSP signal is taken
from the MC simulation and its amplitude is taken as a free
parameter in the fit. By using the MC shape, the smearing
due to effects of ISR and the detector resolution are taken
into account. From the fit, the parameters ofm and ! in
Eq. (1) are determined to be

m#Z"
c #4025$$ % #4026.3 & 2.6$ MeV=c2;

! #Z"
c #4025$$ % #24.8 & 5.6$ MeV:

A goodness-of-fit test gives a#2=d.o.f.% 30.4=33 % 0.92.
TheZ"

c #4025$ signal is observed with a statistical signifi-
cance of13$, as determined by the ratio of the maximum
likelihood value and the likelihood value for a fit with a
null-signal hypothesis. When the systematic uncertainties
are taken into account, the significance is evaluated to
be 10$.

The Born cross section is determined from
$ % #nsig=L#1 " %$&B$, where nsig is the number of
observed signal events,L is the integrated luminosity,&
is the detection efficiency,1 " %is the radiative correction
factor, andB is the branching fraction ofD!" ! D" #! 0; "$,
D" ! K! ! " ! " . From the fit results, we obtain560.1 &
30.6 D!" øD! 0! ! events, among which400.9 & 47.3 events
areZ"

c #4025$ candidates. With the input of the observed
center-of-mass energy dependence of$#D!" øD! 0! ! $, the
radiative correction factor is calculated to second order in
QED [22] to be 0.78& 0.03. The efficiency for
the Z"

c #4025$ signal process is determined to be 23.5%,
while the efficiency of the PHSP signal process is 17.4%.
The total cross section$#e" e! ! #D! øD! $" ! & $ is mea-
sured to be#137& 9$pb, and the ratioR % #$#e" e! !
Z&

c #4025$! " ! #D! øD! $& ! " $=$#e" e! ! #D! øD! $& ! " $$
is determined to be0.65& 0.09.

Sources of systematic error on the measurement of the
Z"

c #4025$ resonance parameters and the cross section are
listed in TableI. The main sources of systematic uncer-
tainties relevant for determining theZ"

c #4025$ resonance
parameters and the ratioR include the mass scale, the signal
shape, background models, and potentialD!! backgrounds.
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e+ e! ! ! ± (! " hc(1P))
[PRL 111, 242001 (2013)]

e+ e! ! ! ± (D " øD " )#

[PRL 112, 132001 (2014)]

(using 1090 pb"1  at 4.23 GeV,  
827 pb"1  at 4.26 GeV,  
545 pb"1  at 4.36 GeV)

(using 827 pb"1  at 4.26 GeV)

M = (4022.9 ± 0.8 ± 2.7) MeV/ c2;
! = (7 .9 ± 2.7 ± 2.6) MeV/ c2

M = (4026.3 ± 2.6 ± 3.7) MeV/ c2;
! = (24 .8 ± 5.6 ± 7.7) MeV/ c2

(4) The Z Question
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TABLE IV. Masses and widths of the vector charmonium states observed from di ! erent processes at BESIII in the mass region
between 4.2 and 4.4 GeV/c2. The subscript 1 or 2 denotes the lower mass state or higher mass state.

Process M 1 (MeV/ c2) ! 1 (MeV) M 2 (MeV/ c2) ! 2 (MeV)
e+ e! ! !" c0 4230± 8 ± 6 38 ± 12 ± 2 [37]

e+ e! ! #+ #! J/ $ 4220.0 ± 3.1 ± 1.4 44.1 ± 4.3 ± 2.0 4320.0 ± 10.4 ± 7.0 101.4+25 .3
! 19.7 ± 10.2[9]

e+ e! ! #+ #! hc 4218.4+5 .5
! 4.5 ± 0.9 66.0+12 .3

! 8.3 ± 0.4 4391.5+6 .3
! 6.8 ± 1.0 139.5+16 .2

! 20.6 ± 0.6 [10]
e+ e! ! #+ D 0D "! + c.c 4224.8 ± 5.6 ± 4.0 72.3 ± 9.1 ± 0.9 4400.1 ± 9.3 ± 2.1 181.7 ± 16.9 ± 7.4 [38]
e+ e! ! #+ #! $ (3686) 4209.5 ± 7.4 ± 1.4 80.1 ± 24.6 ± 2.9 4383.8 ± 4.2 ± 0.8 84.2 ± 12.5 ± 2.1
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FIG. 3. Dalitz plots of M 2(! ± " (3686)) versus M 2(! + ! ! ), distributions of M 2(! ± " (3686)) (two entries per
event), and M 2(! + ! ! ) for data at

!
s = 4 .416, 4.358, 4.258 and 4.226 GeV, with integrated luminosities of 1074,

540, 826 and 1092 pb! 1, respectively. Dots with errors are data. For the plots at
!

s = 4 .416, 4.358 and 4.258 GeV,
the solid curves (red) are projections from the Þt; the dashed curves (pink) show the shape of the intermediate
state; the dash-dotted curves (blue) show the shape from the direct process e+ e! " ! + ! ! " (3686) obtained
from the Jpipi MC model; the shaded histograms (green) show the non-" (3686) background estimated with the
" (3686) sideband. For plots at

!
s = 4 .226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes

from the intermediate state and the direct process e+ e! " ! + ! ! " (3686) (with arbitrary scale). In all plots, the
two " (3686) decay modes are combined.
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TABLE IV. Masses and widths of the vector charmonium states observed from di ! erent processes at BESIII in the mass region
between 4.2 and 4.4 GeV/c2. The subscript 1 or 2 denotes the lower mass state or higher mass state.
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FIG. 3. Dalitz plots of M 2(! ± " (3686)) versus M 2(! + ! ! ), distributions of M 2(! ± " (3686)) (two entries per
event), and M 2(! + ! ! ) for data at

!
s = 4 .416, 4.358, 4.258 and 4.226 GeV, with integrated luminosities of 1074,

540, 826 and 1092 pb! 1, respectively. Dots with errors are data. For the plots at
!

s = 4 .416, 4.358 and 4.258 GeV,
the solid curves (red) are projections from the Þt; the dashed curves (pink) show the shape of the intermediate
state; the dash-dotted curves (blue) show the shape from the direct process e+ e! " ! + ! ! " (3686) obtained
from the Jpipi MC model; the shaded histograms (green) show the non-" (3686) background estimated with the
" (3686) sideband. For plots at

!
s = 4 .226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes

from the intermediate state and the direct process e+ e! " ! + ! ! " (3686) (with arbitrary scale). In all plots, the
two " (3686) decay modes are combined.
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FIG. 3. Dalitz plots of M 2(! ± " (3686)) versus M 2(! + ! ! ), distributions of M 2(! ± " (3686)) (two entries per
event), and M 2(! + ! ! ) for data at

!
s = 4 .416, 4.358, 4.258 and 4.226 GeV, with integrated luminosities of 1074,

540, 826 and 1092 pb! 1, respectively. Dots with errors are data. For the plots at
!

s = 4 .416, 4.358 and 4.258 GeV,
the solid curves (red) are projections from the Þt; the dashed curves (pink) show the shape of the intermediate
state; the dash-dotted curves (blue) show the shape from the direct process e+ e! " ! + ! ! " (3686) obtained
from the Jpipi MC model; the shaded histograms (green) show the non-" (3686) background estimated with the
" (3686) sideband. For plots at

!
s = 4 .226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes

from the intermediate state and the direct process e+ e! " ! + ! ! " (3686) (with arbitrary scale). In all plots, the
two " (3686) decay modes are combined.
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FIG. 3. Dalitz plots of M 2(! ± " (3686)) versus M 2(! + ! ! ), distributions of M 2(! ± " (3686)) (two entries per
event), and M 2(! + ! ! ) for data at

!
s = 4 .416, 4.358, 4.258 and 4.226 GeV, with integrated luminosities of 1074,

540, 826 and 1092 pb! 1, respectively. Dots with errors are data. For the plots at
!

s = 4 .416, 4.358 and 4.258 GeV,
the solid curves (red) are projections from the Þt; the dashed curves (pink) show the shape of the intermediate
state; the dash-dotted curves (blue) show the shape from the direct process e+ e! " ! + ! ! " (3686) obtained
from the Jpipi MC model; the shaded histograms (green) show the non-" (3686) background estimated with the
" (3686) sideband. For plots at

!
s = 4 .226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes

from the intermediate state and the direct process e+ e! " ! + ! ! " (3686) (with arbitrary scale). In all plots, the
two " (3686) decay modes are combined.

(1092 pb"1  at 4.23 GeV;   826 pb"1  at 4.26 GeV;    540 pb"1  at 4.36 GeV;      1074  pb"1  at 4.42 GeV)

M = (4032.1 ± 2.4) MeV/ c2;
! = (26 .1 ± 5.3) MeV/ c2

e+ e! ! ! + ! ! " (2S)
[PRD 96, 032004 (2017)]

(4) The Z Question
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FIG. 3. Dalitz plots of M 2(! ± " (3686)) versus M 2(! + ! ! ), distributions of M 2(! ± " (3686)) (two entries per
event), and M 2(! + ! ! ) for data at

!
s = 4 .416, 4.358, 4.258 and 4.226 GeV, with integrated luminosities of 1074,

540, 826 and 1092 pb! 1, respectively. Dots with errors are data. For the plots at
!

s = 4 .416, 4.358 and 4.258 GeV,
the solid curves (red) are projections from the Þt; the dashed curves (pink) show the shape of the intermediate
state; the dash-dotted curves (blue) show the shape from the direct process e+ e! " ! + ! ! " (3686) obtained
from the Jpipi MC model; the shaded histograms (green) show the non-" (3686) background estimated with the
" (3686) sideband. For plots at

!
s = 4 .226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes

from the intermediate state and the direct process e+ e! " ! + ! ! " (3686) (with arbitrary scale). In all plots, the
two " (3686) decay modes are combined.
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between 4.2 and 4.4 GeV/c2. The subscript 1 or 2 denotes the lower mass state or higher mass state.
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! 20.6 ± 0.6 [10]
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FIG. 3. Dalitz plots of M 2(! ± " (3686)) versus M 2(! + ! ! ), distributions of M 2(! ± " (3686)) (two entries per
event), and M 2(! + ! ! ) for data at

!
s = 4 .416, 4.358, 4.258 and 4.226 GeV, with integrated luminosities of 1074,

540, 826 and 1092 pb! 1, respectively. Dots with errors are data. For the plots at
!

s = 4 .416, 4.358 and 4.258 GeV,
the solid curves (red) are projections from the Þt; the dashed curves (pink) show the shape of the intermediate
state; the dash-dotted curves (blue) show the shape from the direct process e+ e! " ! + ! ! " (3686) obtained
from the Jpipi MC model; the shaded histograms (green) show the non-" (3686) background estimated with the
" (3686) sideband. For plots at

!
s = 4 .226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes

from the intermediate state and the direct process e+ e! " ! + ! ! " (3686) (with arbitrary scale). In all plots, the
two " (3686) decay modes are combined.
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FIG. 3. Dalitz plots of M 2(! ± " (3686)) versus M 2(! + ! ! ), distributions of M 2(! ± " (3686)) (two entries per
event), and M 2(! + ! ! ) for data at

!
s = 4 .416, 4.358, 4.258 and 4.226 GeV, with integrated luminosities of 1074,

540, 826 and 1092 pb! 1, respectively. Dots with errors are data. For the plots at
!

s = 4 .416, 4.358 and 4.258 GeV,
the solid curves (red) are projections from the Þt; the dashed curves (pink) show the shape of the intermediate
state; the dash-dotted curves (blue) show the shape from the direct process e+ e! " ! + ! ! " (3686) obtained
from the Jpipi MC model; the shaded histograms (green) show the non-" (3686) background estimated with the
" (3686) sideband. For plots at

!
s = 4 .226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes

from the intermediate state and the direct process e+ e! " ! + ! ! " (3686) (with arbitrary scale). In all plots, the
two " (3686) decay modes are combined.
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FIG. 3. Dalitz plots of M 2(! ± " (3686)) versus M 2(! + ! ! ), distributions of M 2(! ± " (3686)) (two entries per
event), and M 2(! + ! ! ) for data at

!
s = 4 .416, 4.358, 4.258 and 4.226 GeV, with integrated luminosities of 1074,

540, 826 and 1092 pb! 1, respectively. Dots with errors are data. For the plots at
!

s = 4 .416, 4.358 and 4.258 GeV,
the solid curves (red) are projections from the Þt; the dashed curves (pink) show the shape of the intermediate
state; the dash-dotted curves (blue) show the shape from the direct process e+ e! " ! + ! ! " (3686) obtained
from the Jpipi MC model; the shaded histograms (green) show the non-" (3686) background estimated with the
" (3686) sideband. For plots at

!
s = 4 .226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes

from the intermediate state and the direct process e+ e! " ! + ! ! " (3686) (with arbitrary scale). In all plots, the
two " (3686) decay modes are combined.
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(1092 pb"1  at 4.23 GeV;   826 pb"1  at 4.26 GeV;    540 pb"1  at 4.36 GeV;      1074  pb"1  at 4.42 GeV)

M = (4032.1 ± 2.4) MeV/ c2;
! = (26 .1 ± 5.3) MeV/ c2

e+ e! ! ! + ! ! " (2S)
[PRD 96, 032004 (2017)]

(4) The Z Question
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spectrum have kinematic reßections at each otherÕs mass
positions. For data at

!
s = 4 .226 GeV, no structure is

clearly seen, which is very di! erent from the behavior at
the energy point close by,

!
s = 4 .258 GeV. A further

striking feature for data at
!

s = 4 .226 GeV is a very
di! erent M (! + ! ! ) distribution from those at the other
three energy points.

To characterize the structure observed on the
M (! ± " (3686)) spectrum for data at

!
s = 4 .416 GeV,

an unbinned maximum likelihood Þt is carried out on the
Dalitz plot of M 2(! + " (3686)) versus M 2(! ! " (3686))
(denoted as x and y in formula 4). Assuming an in-
termediate state with spin parity 1 + , the Dalitz plot is
parameterized by the coherent sum of the process with
an intermediate state and the direct processe+ e! "
! + ! ! " (3686). The PDF of the intermediate state is
described with an S-wave Breit-Wigner function with-
out considering interference among the charged conjugate
modes,

p áq/c2

(M 2
R # x)2 + M 2

R á" 2/c 4 +
p áq/c2

(M 2
R # y)2 + M 2

R á" 2/c 4 ,

(4)
where p (q) is the " (3686) (intermediate state) momen-
tum in the ! ± " (3686) (initial e+ e! ) rest frame, and M R
and " are the mass and width of the intermediate state.
The 2-dimensional mass resolution and the detection e# -
ciency, determined from MC simulations, are incorporat-
ed in the PDF for the intermediate states in the Þt. The
PDF of the direct processe+ e! " ! + ! ! " (3686) is taken
from a MC-simulated shape using theJpipi model, and
that of the non-" (3686) background is described with the
distribution of events in the " (3686) sideband region. A
simultaneous Þt constraining the mass and width of the
intermediate state is carried out by maximize the product
of the likelihood values of the two" (3686) decay modes.
The Þt process is validated using MC samples. The dis-
tributions of mass resolution and detection e# ciency are
provided in the appendix.

The Þt yields a mass ofM = 4032.1 ± 2.4 MeV/ c2

and a width of " = 26.1 ± 5.3 MeV for the intermediate
state with a signiÞcance of 9.2#, evaluated by comparing
the likelihood values with or without the intermediate
states included. The Þt projections onM 2(! ± " (3686))
and M 2(! + ! ! ) for data at

!
s = 4 .416 GeV are shown

in Fig. 3. It can be seen that the overall Þt curve does
not match the peaking structure on the M (! ± " (3686))
spectrum in data, and the corresponding conÞdence lev-
el (C.L.) of the Þt is only 8%, as estimated by toy-MC
tests. Alternative Þts with di ! erent assumptions of the
spin parity of the intermediate state, including the in-
terference among the charge conjugated modes, and in-
cluding the contribution of Zc(3900)± are explored. In
these Þts the parameters of the intermediate state are
close to the norminal Þt result and the Þt qualities are
not improved signiÞcantly. As shown in the Dalitz plot,
the behavior of the structure is very di! erent between
the high M (! + ! ! ) region and the low M (! + ! ! ) region.

A similar Þt to data with the additional requirement
M 2(! + ! ! ) > 0.3 (GeV/ c2)2 is performed, which yields
a mass ofM = 4030.3 ± 0.1 MeV/ c2 and a width of
" = 5 .1 ± 0.2 MeV. The corresponding projection of the
Þt and data on the M 2(! ± " (3686)) distribution is shown
in Fig. 4, and the Þt C.L. is 50%.
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FIG. 4. Projection of M 2(! ± " (3686)) at
!

s = 4 .416 GeV
with a requirement of M 2(! + ! ! ) > 0.3 (GeV/ c2)2.

Similar Þts are carried out to data at
!

s = 4 .358
and 4.258 GeV, where the parameters of the interme-
diate state are Þxed to those from the Þt to data at!

s = 4 .416 GeV. The projections onM 2(! ± " (3686))
and M 2(! + ! ! ) are also shown in Fig. 3. The statistical
signiÞcance of the intermediate state is 3.6# and 9.6# for
data at

!
s = 4 .358 and 4.258 GeV, respectively. For

data at
!

s = 4 .358 GeV, as shown in the Dalitz plot,
a cluster of events appears in theM 2(! ± " (3686)) spec-
trum at low M 2(! + ! ! ), which also shows a hint of an
intermediate structure. As mentioned previously, for da-
ta at

!
s = 4 .258 GeV, the structures with masses of

3900 and 4030 MeV/c2 on the M (! ± " (3686)) spectrum
are kinematic reßections of each other, so the Þt results
are strongly dependent on whether theZc(3900)± is in-
cluded in the Þt or not. For data at

!
s = 4 .226 GeV,

an intermediate state with a mass of 4030 MeV and its
reßection are very close to the kinematic boundary of
the three-body decay, so no obvious peak is observed in
the M (! ± " (3686)) spectrum. The anomalous distribu-
tion on the M (! + ! ! ) spectrum is, however, discussed in
Ref. [39]. For the other energy points with high statis-
tics, such as

!
s = 4 .387 and 4.600 GeV, the Dalitz plots

and the distribution of M 2(! ± " (3686)) and M 2(! + ! ! )
are shown in Fig. 5.

VII. SUMMARY

In summary, based on 5.1 fb! 1 of e+ e! collision data
with c.m. energies between 4.008 and 4.600 GeV, col-
lected with the BESIII detector, the Born cross sec-

For M 2(! + ! ! ) > 0.3 GeV2/ c4:
M = (4030.3 ± 0.1) MeV/ c2;

! = (5 .1 ± 0.2) MeV/ c2

e+ e! ! ! + ! ! " (2S)
[PRD 96, 032004 (2017)]

(4) The Z Question
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TABLE IV. Masses and widths of the vector charmonium states observed from di ! erent processes at BESIII in the mass region
between 4.2 and 4.4 GeV/c2. The subscript 1 or 2 denotes the lower mass state or higher mass state.

Process M 1 (MeV/ c2) ! 1 (MeV) M 2 (MeV/ c2) ! 2 (MeV)
e+ e! ! !" c0 4230± 8 ± 6 38 ± 12 ± 2 [37]

e+ e! ! #+ #! J/ $ 4220.0 ± 3.1 ± 1.4 44.1 ± 4.3 ± 2.0 4320.0 ± 10.4 ± 7.0 101.4+25 .3
! 19.7 ± 10.2[9]

e+ e! ! #+ #! hc 4218.4+5 .5
! 4.5 ± 0.9 66.0+12 .3

! 8.3 ± 0.4 4391.5+6 .3
! 6.8 ± 1.0 139.5+16 .2

! 20.6 ± 0.6 [10]
e+ e! ! #+ D 0D "! + c.c 4224.8 ± 5.6 ± 4.0 72.3 ± 9.1 ± 0.9 4400.1 ± 9.3 ± 2.1 181.7 ± 16.9 ± 7.4 [38]
e+ e! ! #+ #! $ (3686) 4209.5 ± 7.4 ± 1.4 80.1 ± 24.6 ± 2.9 4383.8 ± 4.2 ± 0.8 84.2 ± 12.5 ± 2.1
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FIG. 3. Dalitz plots of M 2(! ± " (3686)) versus M 2(! + ! ! ), distributions of M 2(! ± " (3686)) (two entries per
event), and M 2(! + ! ! ) for data at

!
s = 4 .416, 4.358, 4.258 and 4.226 GeV, with integrated luminosities of 1074,

540, 826 and 1092 pb! 1, respectively. Dots with errors are data. For the plots at
!

s = 4 .416, 4.358 and 4.258 GeV,
the solid curves (red) are projections from the Þt; the dashed curves (pink) show the shape of the intermediate
state; the dash-dotted curves (blue) show the shape from the direct process e+ e! " ! + ! ! " (3686) obtained
from the Jpipi MC model; the shaded histograms (green) show the non-" (3686) background estimated with the
" (3686) sideband. For plots at

!
s = 4 .226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes

from the intermediate state and the direct process e+ e! " ! + ! ! " (3686) (with arbitrary scale). In all plots, the
two " (3686) decay modes are combined.
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TABLE IV. Masses and widths of the vector charmonium states observed from di ! erent processes at BESIII in the mass region
between 4.2 and 4.4 GeV/c2. The subscript 1 or 2 denotes the lower mass state or higher mass state.

Process M 1 (MeV/ c2) ! 1 (MeV) M 2 (MeV/ c2) ! 2 (MeV)
e+ e! ! !" c0 4230± 8 ± 6 38 ± 12 ± 2 [37]

e+ e! ! #+ #! J/ $ 4220.0 ± 3.1 ± 1.4 44.1 ± 4.3 ± 2.0 4320.0 ± 10.4 ± 7.0 101.4+25 .3
! 19.7 ± 10.2[9]

e+ e! ! #+ #! hc 4218.4+5 .5
! 4.5 ± 0.9 66.0+12 .3

! 8.3 ± 0.4 4391.5+6 .3
! 6.8 ± 1.0 139.5+16 .2

! 20.6 ± 0.6 [10]
e+ e! ! #+ D 0D "! + c.c 4224.8 ± 5.6 ± 4.0 72.3 ± 9.1 ± 0.9 4400.1 ± 9.3 ± 2.1 181.7 ± 16.9 ± 7.4 [38]
e+ e! ! #+ #! $ (3686) 4209.5 ± 7.4 ± 1.4 80.1 ± 24.6 ± 2.9 4383.8 ± 4.2 ± 0.8 84.2 ± 12.5 ± 2.1
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FIG. 3. Dalitz plots of M 2(! ± " (3686)) versus M 2(! + ! ! ), distributions of M 2(! ± " (3686)) (two entries per
event), and M 2(! + ! ! ) for data at

!
s = 4 .416, 4.358, 4.258 and 4.226 GeV, with integrated luminosities of 1074,

540, 826 and 1092 pb! 1, respectively. Dots with errors are data. For the plots at
!

s = 4 .416, 4.358 and 4.258 GeV,
the solid curves (red) are projections from the Þt; the dashed curves (pink) show the shape of the intermediate
state; the dash-dotted curves (blue) show the shape from the direct process e+ e! " ! + ! ! " (3686) obtained
from the Jpipi MC model; the shaded histograms (green) show the non-" (3686) background estimated with the
" (3686) sideband. For plots at

!
s = 4 .226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes

from the intermediate state and the direct process e+ e! " ! + ! ! " (3686) (with arbitrary scale). In all plots, the
two " (3686) decay modes are combined.

calculated using theKKMC [30] program. To get the correct
ISR photon energy distribution, we use the

!!!
s

p
-dependent

cross section line shape of thee! e! ! ! ! ! ! J=" process,
i.e., #"

!!!
s

p
#, to replace the default one ofKKMC. Since

#"
!!!
s

p
#is what we measure in this study, the ISR correction

procedure needs to be iterated, and the final results are
obtained when the iteration converges. Figure1 shows the
measured cross section#"

!!!
s

p
#from both theXYZ data and

scan data (numerical results are listed in Supplemental
Material [33]).

To study the possible resonant structures in thee! e! !
! ! ! ! J=" process, a binned maximum likelihood fit is
performed simultaneously to the measured cross section
#"

!!!
s

p
#of theXYZ data with Gaussian uncertainties and the

scan data with Poisson uncertainties. The PDF is para-
meterized as the coherent sum of three Breit-Wigner
functions, together with an incoherent" "3770#component
which accounts for the decay of" "3770#! ! ! ! ! J=" ,
with " "3770# mass and width fixed to PDG[8] values.
Because of the lack of data near the" "3770#resonance, it
is impossible to determine the relative phase between the
" "3770# amplitude and the other amplitudes. The ampli-
tude to describe a resonanceR is written as

A"
!!!
s

p
# $

M
!!!
s

p
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
12! ! e! e! ! totBR

p

s ! M2 ! iM ! tot

!!!!!!!!!!!!!!
! "

!!!
s

p
#

! "M#

s

ei$; "2#

where M, ! tot, and ! e! e! are the mass, full width, and
electronic width of the resonanceR, respectively;BR is the
branching fraction of the decayR ! ! ! ! ! J=" ; ! "

!!!
s

p
# is

the phase space factor of the three-body decayR !
! ! ! ! J=" [8]; and $ is the phase of the amplitude. The
fit has four solutions with equally good fit quality[34] and
identical masses and widths of the resonances (listed in
TableI), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
TableII). Figure1 shows the fit results. The resonanceR1
has a mass and width consistent with that ofY"4008#
observed by Belle[5] within 1.0# and2.9#, respectively.

The resonanceR2 has a mass4222.0 %3.1 MeV=c2, which
agrees with the average mass,4251%9 MeV=c2 [8], of the
Y"4260# peak[1Ð5] within 3.0#. However, its measured
width is much narrower than the average width,120%
12 MeV [8], of the Y"4260#. We also observe a new
resonanceR3. The statistical significance ofR3 is estimated
to be7.9# (including systematic uncertainties) by compar-
ing the change of" "! 2 ln L# $ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom" n:d:f : $ 4 into account. The fit quality
is estimated using a%2-test method, with%2=n:d:f : $
93.6=110. Fit models taken from previous experiments
[1Ð5] are also investigated and are ruled out with a
confidence level equivalent to more than5.4#.

As an alternative description of the data, we use an
exponential[35] to model the cross section near 4 GeVas in
Ref. [4] instead of the resonanceR1. The fit results are
shown as dashed lines in Fig.1. This model also describes
the data very well. A%2 test to the fit quality gives
%2=n:d:f : $ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonanceR1 or the Y"4008#
resonance[3], is not necessary to explain the data. The fit
has four solutions with equally good fit quality[34] and
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FIG. 1. Measured cross section#"e! e! ! ! ! ! ! J=" # and simultaneous fit to theXYZ data (left) and scan data (right) with the
coherent sum of three Breit-Wigner functions (red solid curves) and the coherent sum of an exponential continuum and two Breit-
Wigner functions (blue dashed curves). Dots with error bars are data.

TABLE I. The measured masses and widths of the resonances
from the fit to thee! e! ! ! ! ! ! J=" cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacingR1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

M"R1# 3812.6! 61.9
! 96.6 (& & &)

! tot"R1# 476.9! 78.4
! 64.8 (& & &)

M"R2# 4222.0 %3.1 (4220.9 %2.9)

! tot"R2# 44.1 %4.3 (44.1 %3.8)

M"R3# 4320.0 %10.4 (4326.8 %10.0)

! tot"R3# 101.4! 25.3
! 19.7 (98.2! 25.4

! 19.6)
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Fig. 2. ! ! invariant mass distribution (left) and Dalitz plot (right) with backgrounds subtracted and corrected for e ! ciency. Top and bottom graphs show the re sults for the
J/ " !" ! + ! ! ! 0 and " #!" ! + ! ! ! 0 analysis, respectively.
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gives B½J=ψ ! γXð1835Þ$B½Xð1835Þ! η0πþ π−$¼ð3.72'
0.21Þ×10−4, and B½J=ψ ! γXð1870Þ$B½Xð1870Þ !
η0πþ π−$ ¼ ð1.57' 0.09Þ × 10−5. In this model, the
Xð1920Þ is not included in the fit because its significance
is just3.9σ. Considering systematic uncertainties (see below),
the significance of Xð1870Þ is larger than 7σ.
The systematic uncertainties come from data-MC

differences in the tracking, photon detection and particle
identification efficiencies, the kinematic fit, requirements
on the invariant mass distribution of γγ, signal selection of
ρ0, η, and η0, total number of J=ψ events, branching
fractions for intermediate states decays, fit ranges, back-
ground descriptions, mass resolutions, and the intermediate
structure of πþ π−. In the first model, the dominant terms are
the fit range, the background description, and the inter-
mediate structure of πþ π−. Considering all systematic
uncertainties, the final result is shown in Table I. For the
second model, the dominant two systematic sources are the
background description and the intermediate structure of
πþ π−. Considering all systematic uncertainties, the final
result is shown in Table II.
In summary, the J=ψ ! γη0πþ π− process is studied with

1.09× 109 J=ψ events collected at the BESIII experiment
in 2012. We observed a significant distortion of the η0πþ π−

line shape near the pøp mass threshold that cannot be
accommodated by an ordinary Breit-Wigner resonance

function. Two typical models for such a line shape are
used to fit the data. The first model assumes the state
around 1.85 GeV=c2 couples with the pøp and the dis-
tortion reflects the opening of the pøp decay channel.
The fit result for this model yields a strong coupling
between the broad structure and the pøp of g2

pøp=g2
0 ¼

2.31' 0.37þ 0.83
−0.60, with a statistical significance larger

than 7σ for being nonzero. The pole nearest to the pøp
mass threshold of this state is located at Mpole ¼
1909.5 ' 15.9ðstatÞþ 9.4

−27.5ðsystÞ MeV=c2 and ! pole ¼
273.5 ' 21.4ðstatÞþ 6.1

−64.0ðsystÞ MeV=c2. The second model
assumes the distortion reflects interference between the
Xð1835Þ and another resonance with mass close to the pøp
mass threshold. A fit with this model uses a coherent sum
of two interfering Breit-Wigner amplitudes to describe the
η0πþ π− mass spectrum around 1.85 GeV=c2. This fit yields
a narrow resonance below the pøp mass threshold with
M¼1870.2' 2.2ðstatÞþ 2.3

−0.7ðsystÞMeV=c2 and ! ¼ 13.0'
6.1ðstatÞþ 2.1

−3.8ðsystÞ MeV=c2, with a statistical significance
larger than 7σ. With current data, both models fit the data
well with fit qualities, and both suggest the existence of a
state, either a broad state with strong couplings to the pøp, or
a narrow state just below the pøp mass threshold. For the
broad state above the pøp mass threshold, its strong
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FIG. 4. Fit results of using a coherent sum of two Breit-Wigner
amplitudes. The dashed dotted vertical line shows the position of
the pøp mass threshold, the dots with error bars are data, the solid
curves are total fit results, the dashed curves are the sum of
Xð1835Þ and Xð1870Þ, the short-dashed curves are the f1ð1510Þ,
the dash-dotted curves are the Xð2120Þ, the long-dashed curves
are nonresonant η0πþ π− fit results, and the shaded histograms are
background events. The inset shows the data and the global fit
between 1.8 and 1.95 GeV=c2.

TABLE I. Fit results of using the Flatté formula. The first errors
are statistical errors, and the second errors are systematic errors;
the branching ratio is the product of BðJ=ψ ! γXÞ and
BðX ! η0πþ π−Þ.

The state around 1.85 GeV=c2

M (MeV=c2) 1638.0 ' 121:9þ 127.8
−254.3

g2
0 [ðGeV=c2Þ2] 93.7 ' 35:4þ 47.6

−43.9

g2
pøp=g2

0 2.31' 0.37þ 0.83
−0.60

Mpole (MeV=c2) 1909.5 ' 15:9þ 9.4
−27.5

! pole (MeV=c2) 273.5 ' 21:4þ 6.1
−64.0

Branching ratio ð3.93' 0.38þ 0.31
−0.84Þ × 10−4

TABLE II. Fit results using a coherent sum of two Breit-Wigner
amplitudes. The first errors are statistical errors, and the second
errors are systematic errors; the branching ratio (B.R.) is the
product of BðJ=ψ ! γXÞ and BðX ! η0πþ π−Þ.

Xð1835Þ
Mass (MeV=c2) 1825.3 ' 2.4þ 17.3

−2.4
Width (MeV=c2) 245.2 ' 13:1þ 4.6

−9.6
B.R. (constructive interference) ð3.01' 0.17þ 0.26

−0.28Þ × 10−4

B.R. (destructive interference) ð3.72' 0.21þ 0.18
−0.35Þ × 10−4

Xð1870Þ
Mass (MeV=c2) 1870.2 ' 2.2þ 2.3

−0.7
Width (MeV=c2) 13.0 ' 6.1þ 2.1

−3.8
B.R. (constructive interference) ð2.03' 0.12þ 0.43

−0.70Þ × 10−7

B.R. (destructive interference) ð1.57' 0.09þ 0.49
−0.86Þ × 10−5
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  Conclusions:

        !  There is much still to learn about spectroscopy at BESIII.
        
        !  Spectroscopy is in an era where experiment-theory collaboration is crucial.   
 


