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Yð4260Þ state does not have a natural place within the
quark model of charmonium [6]. Furthermore, while being
well above the D !D threshold, the Yð4260Þ shows strong
coupling to the !þ!$J=c final state [7], but relatively
small coupling to open charm decay modes [8–12]. These
properties perhaps indicate that the Yð4260Þ state is not a
conventional state of charmonium [13].

A similar situation has recently become apparent in
the bottomonium system above the B !B threshold, where
there are indications of anomalously large couplings
between the "ð5SÞ state [or perhaps an unconventional
bottomonium state with similar mass, the Ybð10890Þ]
and the !þ!$"ð1S; 2S; 3SÞ and !þ!$hbð1P; 2PÞ final
states [14,15]. More surprisingly, substructure in these
!þ!$"ð1S; 2S; 3SÞ and !þ!$hbð1P; 2PÞ decays indi-
cates the possible existence of charged bottomoniumlike
states [16], which must have at least four constituent
quarks to have a nonzero electric charge, rather than the
two in a conventional meson. By analogy, this suggests
there may exist interesting substructure in the Yð4260Þ !
!þ!$J=c process in the charmonium region.

In this Letter, we present a study of the process eþe$ !
!þ!$J=c at a center-of-mass (c.m.) energy of

ffiffiffi
s

p ¼
ð4:260& 0:001Þ GeV, which corresponds to the peak of
the Yð4260Þ cross section. We observe a charged structure
in the !&J=c invariant mass spectrum, which we refer to
as the Zcð3900Þ. The analysis is performed with a 525 pb$1

data sample collected with the BESIII detector, which is
described in detail in Ref. [17]. In the studies presented
here, we rely only on charged particle tracking in the main
drift chamber and energy deposition in the electromagnetic
calorimeter (EMC).

The GEANT4-based Monte Carlo (MC) simulation soft-
ware, which includes the geometric description of the
BESIII detector and the detector response, is used to
optimize the event selection criteria, determine the detec-
tion efficiency, and estimate backgrounds. For the signal
process, we use a sample of eþe$ ! !þ!$J=c MC
events generated assuming the !þ!$J=c is produced
via Yð4260Þ decays, and using the eþe$ ! !þ!$J=c
cross sections measured by Belle [3] and BABAR [5].
The !þ!$J=c substructure is modelled according to the

experimentally observed Dalitz plot distribution presented
in this analysis. ISR is simulated with KKMC [18] with a
maximum energy of 435 MeV for the ISR photon, corre-
sponding to a !þ!$J=c mass of 3:8 GeV=c2.
For eþe$ ! !þ!$J=c events, the J=c candidate is

reconstructed with lepton pairs (eþe$ or "þ"$). Since
this decay results in a final state with four charged parti-
cles, we first select events with four good charged tracks
with net charge zero. For each charged track, the polar
angle in the main drift chamber must satisfy j cos#j< 0:93,
and the point of closest approach to the eþe$ interaction
point must be within &10 cm in the beam direction and
within 1 cm in the plane perpendicular to the beam direc-
tion. Since pions and leptons are kinematically well sepa-
rated in this decay, charged tracks with momenta larger
than 1:0 GeV=c in the lab frame are assumed to be leptons,
and the others are assumed to be pions. We use the energy
deposited in the EMC to separate electrons from muons.
For muon candidates, the deposited energy in the EMC
should be less than 0.35 GeV, while for electrons, it should
be larger than 1.1 GeV. The efficiencies of these require-
ments are determined from MC simulation to be above
99% in the EMC sensitive region.
In order to reject radiative Bhabha and radiative dimuon

($eþe$=$"þ"$) backgrounds associated with a photon-
conversion, the cosine of the opening angle of the pion
candidates, which are true eþe$ pairs in the case of
background, is required to be less than 0.98. In the eþe$

mode, the same requirement is imposed on the !&e'

opening angles. This restriction removes less than 1% of
the signal events.
The lepton pair and the two pions are subjected to a four-

constraint (4C) kinematic fit to the total initial four-
momentum of the colliding beams in order to improve
the momentum resolution and reduce the background.
The %2 of the kinematic fit is required to be less than 60.
After imposing these selection criteria, the invariant

mass distributions of the lepton pairs are shown in Fig. 1.
A clear J=c signal is observed in both the eþe$ and
"þ"$ modes. There are still remaining eþe$ !
!þ!$!þ!$, and other QED backgrounds, but these can
be estimated using the events in the J=c mass sideband.
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FIG. 1 (color online). The distributions ofMð"þ"$Þ (left panel) andMðeþe$Þ (right panel) after performing a 4C kinematic fit and
imposing all selection criteria. Dots with error bars are data and the curves are the best fit described in the text.
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BESIII Data Sets (primary):
(e+e− collisions at ECM between 2.0 and 4.95 GeV)

2009:  106M  
    225M  

2010:   975 pb−1 at  
2011:   2.9 fb−1 (total) at  
            482 pb−1 at  4.01 GeV
2012:  0.45B (total)  

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

      826 pb−1 at  4.26 GeV
      540 pb−1 at  4.36 GeV
     10  50 pb−1 scan  3.81 — 4.42 GeV

2014:  1029 pb−1 at  4.42 GeV
   110 pb−1 at  4.47 GeV, 4.53 GeV
   567 pb−1 at  4.6 GeV

0.8 fb−1 R-scan  3.85 — 4.59 GeV
2015:  R-scan 2 — 3 GeV + 2.175 GeV
2016:  ~3fb−1 at 4.18 GeV (for Ds) 
2017:  7 × 500 pb−1 scan  4.19 — 4.27 GeV
2018:  more  (and tuning new RF cavity)
2019:  10B (total) 
          8  500 pb  scan 4.13, 4.16, 4.29 — 4.44 GeV
2020:  3.8 fb  scan 4.61 — 4.70 GeV 
2021:  3B (total)   
           2 fb  scan 4.74 — 4.95 GeV
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Many topics!
    spectroscopy 
      (light and heavy),
    flavor physics,
    new physics,
    R scans,  
     physics,  etc.τ
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Primary Data for Spectroscopy:

Light Quark Spectroscopy

10 billion 

Precision Charmonium Physics

3 billion 

Charmonium (XYZ) Spectroscopy

 pb  at ~30 points 
between 4.0 and 4.95 GeV  

J/ψ

ψ(2S)

≥ 500 −1

Physics at BESIII

This talk:
(prelim) An example  decay.
(1) The “Y” states in . 
(2) The  in .
(3) The  states in .
(4) The  state in .
(final) Upgrade of BEPCII to BEPCII-U.

J/ψ
e+e− → Y

X(3872) e+e− → γX(3872)
Zc e+e− → πZc

Zcs e+e− → KZcs
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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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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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calorimeter, all enclosed in a superconducting solenoidal
magnet providing a 1.0-T magnetic field. The solenoid is
supported by an octagonal flux-return yoke with resistive
plate counter muon identifier modules interleaved with
steel. The charged particle and photon acceptance is 93%
of 4!, and the charged particle momentum and photon
energy resolutions at 1 GeV are 0.5% and 2.5%, respec-
tively. The time resolution of TOF is 80 ps in the barrel and
110 ps in the endcaps, and the dE=dx resolution is 6%.

Charged-particle tracks in the polar angle range
j cos"j< 0:93 are reconstructed from hits in the helium-
gas-based drift chamber. Tracks that extrapolate to be
within 20 cm of the interaction point in the beam direction
and 2 cm in the plane perpendicular to the beam are
selected. The TOF and dE=dx information are combined
to form particle identification confidence levels for the !,
K, and p hypotheses; each track is assigned to the particle
type that corresponds to the hypothesis with the highest
confidence level. Photon candidates are required to have at
least 100MeVof energy in the electromagnetic calorimeter
regions j cos"j< 0:8 and 0:86< j cos"j< 0:92 and be
isolated from all charged tracks by more than 5!. In this
analysis, candidate events are required to have four
charged tracks (zero net charge) with at least three of the
charged tracks identified as pions. At least two photons
(three photons) are required for the #0 ! $% (#0 !
!þ!##) channel.

For J=c ! $!þ!##0ð#0 ! $%Þ, a four-constraint
(4C) energy-momentum conservation kinematic fit is
performed to the $$!þ!#!þ!# hypothesis. For events
with more than two photon candidates, the combination
with the minimum &2 is used, and &2

4C < 40 is required.
Events with jM$$ #m!0 j< 0:04 GeV=c2, jM$$ #m#j<
0:03 GeV=c2, 0:72 GeV=c2 <M$$ < 0:82 GeV=c2, or
jM$!þ!# #m#j< 0:007 GeV=c2 are rejected to suppress
the background from !0!þ!#!þ!#, #!þ!#!þ!#,
!ð! ! $!0Þ!þ!#!þ!#, and $!þ!##ð#! $!þ!#Þ,
respectively. A clear #0 signal with a 5 MeV=c2 mass
resolution is evident in the mass spectrum of all selected
$!þ!# combinations shown in Fig. 1(a). Candidate % and
#0 mesons are reconstructed from the !þ!# and $!þ!#

pairs with jM!þ!# #m%j< 0:2 GeV=c2 and jM$!þ!# #
m#0 j< 0:015 GeV=c2, respectively. If more than one
combination passes these criteria, the combination with
M$!þ!# closest to m#0 is selected. After the above selec-
tion, the Xð1835Þ resonance is clearly visible in the
!þ!##0 invariant-mass spectrum of Fig. 1(b). Also, addi-
tional peaks are evident around 2.1 and 2:4 GeV=c2 as well
as a distinct signal for the #c.

For J=c ! $!þ!##0ð#0 ! !þ!##Þ, a 4C kinematic
fit to the $$$!þ!#!þ!# hypothesis is performed. If
there are more than three photon candidates, the combina-
tion with the minimum &2

4C is selected, and &2
4C < 40 is

required. In order to reduce the combinatorial background
events from !0 ! $$, jM$$ #m!0 j> 0:04 GeV=c2 is
required for all photon pairs. The # candidates are selected

by requiring jM$$ #m#j< 0:03 GeV=c2. A five-

constraint fit with an # mass constraint is used to improve
the mass resolution from 8 MeV=c2 (4C) to 3 MeV=c2, as
shown in Fig. 1(c) where &2

5C < 40 is required. To select #0

mesons, jM!þ!## #m#0 j< 0:01 GeV=c2 is required. If

more than one combination passes the above selection,
the combination with M!þ!## closest to m#0 is selected.

After the above selection, structures similar to those seen
for the #0 ! $% channel in the !þ!##0 invariant-mass
spectrum can be seen in Fig. 1(d), namely, peaks near 1.8,
2.1, and 2:4 GeV=c2 as well as the #c.
Potential background processes are studied with an in-

clusive sample of 2& 108 J=c events generated according
to the Lund-Charm model [16] and the Particle Data Group
(PDG) decay tables [17]. There are no peaking back-
grounds at the positions of the three resonances. To ensure
further that the three peaks are not due to background, we
have studied potential exclusive background processes us-
ing data. The main background channel is from J=c !
!0!þ!##0. Non-#0 processes are studied with #0 mass-
sideband events. Neither of these produce peaking
structures.
The !þ!##0 invariant-mass spectrum for the combined

two #0 decay modes is presented in Fig. 2. Here a small
peak at the position of the f1ð1510Þ signal is also present.
Fits to the mass spectra have been made using four
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FIG. 1 (color online). Invariant-mass distributions for the se-
lected candidate events. Panels (a) and (b) are the $!þ!#

invariant-mass spectrum and the !þ!##0 invariant-mass spec-
trum for #0 ! $%, respectively. Panels (c) and (d) are the
!þ!## invariant-mass spectrum and the !þ!##0 invariant-
mass spectrum for #0 ! !þ!##, respectively. The histograms
in (b) and (d) are from J=c ! $!þ!##0 phase-space MC
events (with arbitrary normalization) for #0 ! $% and #0 !
!þ!##, respectively.

PRL 106, 072002 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

18 FEBRUARY 2011

072002-3

BESIII:  225M  decaysJ/ψ

PRL 106, 072002 (2011)

M =  MeV/1833.7 ± 6.1 ± 2.7 c2

M =  MeV/1836.5 ± 3.0+5.6
−2.1 c2

X(1835)

X(1835)



PRL 95, 262001 (2005)

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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calorimeter, all enclosed in a superconducting solenoidal
magnet providing a 1.0-T magnetic field. The solenoid is
supported by an octagonal flux-return yoke with resistive
plate counter muon identifier modules interleaved with
steel. The charged particle and photon acceptance is 93%
of 4!, and the charged particle momentum and photon
energy resolutions at 1 GeV are 0.5% and 2.5%, respec-
tively. The time resolution of TOF is 80 ps in the barrel and
110 ps in the endcaps, and the dE=dx resolution is 6%.

Charged-particle tracks in the polar angle range
j cos"j< 0:93 are reconstructed from hits in the helium-
gas-based drift chamber. Tracks that extrapolate to be
within 20 cm of the interaction point in the beam direction
and 2 cm in the plane perpendicular to the beam are
selected. The TOF and dE=dx information are combined
to form particle identification confidence levels for the !,
K, and p hypotheses; each track is assigned to the particle
type that corresponds to the hypothesis with the highest
confidence level. Photon candidates are required to have at
least 100MeVof energy in the electromagnetic calorimeter
regions j cos"j< 0:8 and 0:86< j cos"j< 0:92 and be
isolated from all charged tracks by more than 5!. In this
analysis, candidate events are required to have four
charged tracks (zero net charge) with at least three of the
charged tracks identified as pions. At least two photons
(three photons) are required for the #0 ! $% (#0 !
!þ!##) channel.

For J=c ! $!þ!##0ð#0 ! $%Þ, a four-constraint
(4C) energy-momentum conservation kinematic fit is
performed to the $$!þ!#!þ!# hypothesis. For events
with more than two photon candidates, the combination
with the minimum &2 is used, and &2

4C < 40 is required.
Events with jM$$ #m!0 j< 0:04 GeV=c2, jM$$ #m#j<
0:03 GeV=c2, 0:72 GeV=c2 <M$$ < 0:82 GeV=c2, or
jM$!þ!# #m#j< 0:007 GeV=c2 are rejected to suppress
the background from !0!þ!#!þ!#, #!þ!#!þ!#,
!ð! ! $!0Þ!þ!#!þ!#, and $!þ!##ð#! $!þ!#Þ,
respectively. A clear #0 signal with a 5 MeV=c2 mass
resolution is evident in the mass spectrum of all selected
$!þ!# combinations shown in Fig. 1(a). Candidate % and
#0 mesons are reconstructed from the !þ!# and $!þ!#

pairs with jM!þ!# #m%j< 0:2 GeV=c2 and jM$!þ!# #
m#0 j< 0:015 GeV=c2, respectively. If more than one
combination passes these criteria, the combination with
M$!þ!# closest to m#0 is selected. After the above selec-
tion, the Xð1835Þ resonance is clearly visible in the
!þ!##0 invariant-mass spectrum of Fig. 1(b). Also, addi-
tional peaks are evident around 2.1 and 2:4 GeV=c2 as well
as a distinct signal for the #c.

For J=c ! $!þ!##0ð#0 ! !þ!##Þ, a 4C kinematic
fit to the $$$!þ!#!þ!# hypothesis is performed. If
there are more than three photon candidates, the combina-
tion with the minimum &2

4C is selected, and &2
4C < 40 is

required. In order to reduce the combinatorial background
events from !0 ! $$, jM$$ #m!0 j> 0:04 GeV=c2 is
required for all photon pairs. The # candidates are selected

by requiring jM$$ #m#j< 0:03 GeV=c2. A five-

constraint fit with an # mass constraint is used to improve
the mass resolution from 8 MeV=c2 (4C) to 3 MeV=c2, as
shown in Fig. 1(c) where &2

5C < 40 is required. To select #0

mesons, jM!þ!## #m#0 j< 0:01 GeV=c2 is required. If

more than one combination passes the above selection,
the combination with M!þ!## closest to m#0 is selected.

After the above selection, structures similar to those seen
for the #0 ! $% channel in the !þ!##0 invariant-mass
spectrum can be seen in Fig. 1(d), namely, peaks near 1.8,
2.1, and 2:4 GeV=c2 as well as the #c.
Potential background processes are studied with an in-

clusive sample of 2& 108 J=c events generated according
to the Lund-Charm model [16] and the Particle Data Group
(PDG) decay tables [17]. There are no peaking back-
grounds at the positions of the three resonances. To ensure
further that the three peaks are not due to background, we
have studied potential exclusive background processes us-
ing data. The main background channel is from J=c !
!0!þ!##0. Non-#0 processes are studied with #0 mass-
sideband events. Neither of these produce peaking
structures.
The !þ!##0 invariant-mass spectrum for the combined

two #0 decay modes is presented in Fig. 2. Here a small
peak at the position of the f1ð1510Þ signal is also present.
Fits to the mass spectra have been made using four
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FIG. 1 (color online). Invariant-mass distributions for the se-
lected candidate events. Panels (a) and (b) are the $!þ!#

invariant-mass spectrum and the !þ!##0 invariant-mass spec-
trum for #0 ! $%, respectively. Panels (c) and (d) are the
!þ!## invariant-mass spectrum and the !þ!##0 invariant-
mass spectrum for #0 ! !þ!##, respectively. The histograms
in (b) and (d) are from J=c ! $!þ!##0 phase-space MC
events (with arbitrary normalization) for #0 ! $% and #0 !
!þ!##, respectively.
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η0πþπ− invariant mass distribution. For the J=ψ →
π0η0πþπ− background, we use a one-dimensional data-
driven method that first selects J=ψ → π0η0πþπ− events
from the data to determine the shape of their contribution to
the selected η0πþπ− mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=ψ →
γη0πþπ− and J=ψ → π0η0πþπ− events; the total weight
after reweighting is the estimated number of J=ψ →
π0η0πþπ− 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 η0πþπ− 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
η0πþπ− contribution is obtained from Monte Carlo simu-
lation; the non-η0 and J=ψ → π0η0πþπ− background con-
tributions are obtained as discussed above. For resonances
and the nonresonant η0πþπ− contribution, the phase space
for J=ψ → γη0πþπ− is considered: according to the JP of
f1ð1510Þ and Xð1835Þ, J=ψ → γf1ð1510Þ and J=ψ →
γXð1835Þ 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=ψ radiative decays to η0πþπ− final states
(including resonances and nonresonant η0πþπ−) are con-
strained to be the same for both η0 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 resonance’s line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The η0πþπ− invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the η0 → γπþπ− channel, and that on the right shows the spectrum for the η0 → ηð→ γγÞπþπ− 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=ψ → γη0πþπ− (arbitrary normalization), and the dotted vertical line shows the position of the pp̄ mass threshold.
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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
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background events. The inset shows the data and the
global fit between 1.8 and 1.95 GeV=c2.
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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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calorimeter, all enclosed in a superconducting solenoidal
magnet providing a 1.0-T magnetic field. The solenoid is
supported by an octagonal flux-return yoke with resistive
plate counter muon identifier modules interleaved with
steel. The charged particle and photon acceptance is 93%
of 4!, and the charged particle momentum and photon
energy resolutions at 1 GeV are 0.5% and 2.5%, respec-
tively. The time resolution of TOF is 80 ps in the barrel and
110 ps in the endcaps, and the dE=dx resolution is 6%.

Charged-particle tracks in the polar angle range
j cos"j< 0:93 are reconstructed from hits in the helium-
gas-based drift chamber. Tracks that extrapolate to be
within 20 cm of the interaction point in the beam direction
and 2 cm in the plane perpendicular to the beam are
selected. The TOF and dE=dx information are combined
to form particle identification confidence levels for the !,
K, and p hypotheses; each track is assigned to the particle
type that corresponds to the hypothesis with the highest
confidence level. Photon candidates are required to have at
least 100MeVof energy in the electromagnetic calorimeter
regions j cos"j< 0:8 and 0:86< j cos"j< 0:92 and be
isolated from all charged tracks by more than 5!. In this
analysis, candidate events are required to have four
charged tracks (zero net charge) with at least three of the
charged tracks identified as pions. At least two photons
(three photons) are required for the #0 ! $% (#0 !
!þ!##) channel.

For J=c ! $!þ!##0ð#0 ! $%Þ, a four-constraint
(4C) energy-momentum conservation kinematic fit is
performed to the $$!þ!#!þ!# hypothesis. For events
with more than two photon candidates, the combination
with the minimum &2 is used, and &2

4C < 40 is required.
Events with jM$$ #m!0 j< 0:04 GeV=c2, jM$$ #m#j<
0:03 GeV=c2, 0:72 GeV=c2 <M$$ < 0:82 GeV=c2, or
jM$!þ!# #m#j< 0:007 GeV=c2 are rejected to suppress
the background from !0!þ!#!þ!#, #!þ!#!þ!#,
!ð! ! $!0Þ!þ!#!þ!#, and $!þ!##ð#! $!þ!#Þ,
respectively. A clear #0 signal with a 5 MeV=c2 mass
resolution is evident in the mass spectrum of all selected
$!þ!# combinations shown in Fig. 1(a). Candidate % and
#0 mesons are reconstructed from the !þ!# and $!þ!#

pairs with jM!þ!# #m%j< 0:2 GeV=c2 and jM$!þ!# #
m#0 j< 0:015 GeV=c2, respectively. If more than one
combination passes these criteria, the combination with
M$!þ!# closest to m#0 is selected. After the above selec-
tion, the Xð1835Þ resonance is clearly visible in the
!þ!##0 invariant-mass spectrum of Fig. 1(b). Also, addi-
tional peaks are evident around 2.1 and 2:4 GeV=c2 as well
as a distinct signal for the #c.

For J=c ! $!þ!##0ð#0 ! !þ!##Þ, a 4C kinematic
fit to the $$$!þ!#!þ!# hypothesis is performed. If
there are more than three photon candidates, the combina-
tion with the minimum &2

4C is selected, and &2
4C < 40 is

required. In order to reduce the combinatorial background
events from !0 ! $$, jM$$ #m!0 j> 0:04 GeV=c2 is
required for all photon pairs. The # candidates are selected

by requiring jM$$ #m#j< 0:03 GeV=c2. A five-

constraint fit with an # mass constraint is used to improve
the mass resolution from 8 MeV=c2 (4C) to 3 MeV=c2, as
shown in Fig. 1(c) where &2

5C < 40 is required. To select #0

mesons, jM!þ!## #m#0 j< 0:01 GeV=c2 is required. If

more than one combination passes the above selection,
the combination with M!þ!## closest to m#0 is selected.

After the above selection, structures similar to those seen
for the #0 ! $% channel in the !þ!##0 invariant-mass
spectrum can be seen in Fig. 1(d), namely, peaks near 1.8,
2.1, and 2:4 GeV=c2 as well as the #c.
Potential background processes are studied with an in-

clusive sample of 2& 108 J=c events generated according
to the Lund-Charm model [16] and the Particle Data Group
(PDG) decay tables [17]. There are no peaking back-
grounds at the positions of the three resonances. To ensure
further that the three peaks are not due to background, we
have studied potential exclusive background processes us-
ing data. The main background channel is from J=c !
!0!þ!##0. Non-#0 processes are studied with #0 mass-
sideband events. Neither of these produce peaking
structures.
The !þ!##0 invariant-mass spectrum for the combined

two #0 decay modes is presented in Fig. 2. Here a small
peak at the position of the f1ð1510Þ signal is also present.
Fits to the mass spectra have been made using four
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FIG. 1 (color online). Invariant-mass distributions for the se-
lected candidate events. Panels (a) and (b) are the $!þ!#

invariant-mass spectrum and the !þ!##0 invariant-mass spec-
trum for #0 ! $%, respectively. Panels (c) and (d) are the
!þ!## invariant-mass spectrum and the !þ!##0 invariant-
mass spectrum for #0 ! !þ!##, respectively. The histograms
in (b) and (d) are from J=c ! $!þ!##0 phase-space MC
events (with arbitrary normalization) for #0 ! $% and #0 !
!þ!##, respectively.
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X(1835)

M =  MeV/1836.5 ± 3.0+5.6
−2.1 c2

η0πþπ− invariant mass distribution. For the J=ψ →
π0η0πþπ− background, we use a one-dimensional data-
driven method that first selects J=ψ → π0η0πþπ− events
from the data to determine the shape of their contribution to
the selected η0πþπ− mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=ψ →
γη0πþπ− and J=ψ → π0η0πþπ− events; the total weight
after reweighting is the estimated number of J=ψ →
π0η0πþπ− 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 η0πþπ− 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
η0πþπ− contribution is obtained from Monte Carlo simu-
lation; the non-η0 and J=ψ → π0η0πþπ− background con-
tributions are obtained as discussed above. For resonances
and the nonresonant η0πþπ− contribution, the phase space
for J=ψ → γη0πþπ− is considered: according to the JP of
f1ð1510Þ and Xð1835Þ, J=ψ → γf1ð1510Þ and J=ψ →
γXð1835Þ 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=ψ radiative decays to η0πþπ− final states
(including resonances and nonresonant η0πþπ−) are con-
strained to be the same for both η0 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 resonance’s line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The η0πþπ− invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the η0 → γπþπ− channel, and that on the right shows the spectrum for the η0 → ηð→ γγÞπþπ− 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=ψ → γη0πþπ− (arbitrary normalization), and the dotted vertical line shows the position of the pp̄ mass threshold.

)2] (GeV/c-π+π’ηM[
1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2

)2
E

ve
nt

s 
/ (

10
 M

eV
/c

0

500

1000

1500

2000

2500

Data
Global Fit

(1510)1f
X(1835)
X(2120)
Non-Resonant
Background

 thresholdpp

1.8 1.85 1.9 1.95

1000

1200

1400

1600

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 η0πþπ− 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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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
η0πþπ− above the pp̄ threshold is therefore affected by
the opening of theXð1835Þ → pp̄ decay channel, similar to
the distortion of the f0ð980Þ → πþπ− line shape at the KK̄
threshold. To study this, the Flatté formula [25] is used for
the Xð1835Þ line shape:

T ¼
ffiffiffiffiffiffiffi
ρout

p

M2 − s − i
P

kg
2
kρk

: ð1Þ

Here, T is the decay amplitude, ρout is the phase space for
J=ψ → γη0πþπ−, M is a parameter with the dimension of
mass, s is the square of the η0πþπ− system’s 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 þ

g2pp̄
g20

ρpp̄

#
; ð2Þ

where g20 is the sum of g2 of all decay modes other than the
Xð1835Þ → 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 ¼ 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 “Xð1920Þ” in 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 Xð1920Þ is negligible. The fit yields M ¼ 1638.0%
121.9 MeV=c2, g20 ¼ 93.7% 35.4ðGeV=c2Þ2, g2pp̄=g20 ¼
2.31% 0.37, and a product branching fraction of
BðJ=ψ → γXÞBðX → η0πþπ−Þ ¼ ð3.93 % 0.38Þ × 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 ¼ 1909.5% 15.9 MeV=c2

and Γpole ¼ 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 Xð1835Þ
produces the line shape distortion. Here, we denote this
narrow resonance as “Xð1870Þ.” For this case we represent
the line shape in the vicinity of 1835 MeV=c2 by the square
of T, where

T ¼
" ffiffiffiffiffiffiffi

ρout
p

M2
1 − s − iM1Γ1

þ
βeiθ

ffiffiffiffiffiffiffi
ρout

p

M2
2 − s − iM2Γ2

#
: ð3Þ

Here, ρout and s have the same meaning as they had in
Eq. (1);M1, Γ1,M2, and Γ2 represent the masses and widths
of theXð1835Þ andXð1870Þ resonances, respectively; and β
and θ are the relative η0πþπ− 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. TheXð1835Þmass is 1825.3%
2.4 MeV=c2 and the width is 245.2% 13.1 MeV=c2; the
Xð1870Þ 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,Γ1,M2, andΓ2, 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 B½J=ψ → γXð1835Þ'B½Xð1835Þ →
η0πþπ−' ¼ ð3.01% 0.17Þ × 10−4 and B½J=ψ →
γXð1870Þ'B½Xð1870Þ → η0πþπ−' ¼ ð2.03% 0.12Þ × 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 f1ð1510Þ, the dash-dotted curves are
the Xð2120Þ, the dash-dot-dot-dotted curves are the Xð1920Þ, and
the long-dashed curves are nonresonant η0πþπ− 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$B½Xð1835Þ→η0πþπ−$¼ð3.72'
0.21Þ×10−4, and B½J=ψ → γXð1870Þ$B½Xð1870Þ →
η0πþπ−$ ¼ ð1.57' 0.09Þ × 10−5. In this model, the
Xð1920Þ is not included in the fit because its significance
is just 3.9σ. 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 πþπ−. In the first model, the dominant terms are
the fit range, the background description, and the inter-
mediate structure of πþπ−. 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
πþπ−. Considering all systematic uncertainties, the final
result is shown in Table II.
In summary, the J=ψ → γη0πþπ− process is studied with

1.09 × 109 J=ψ events collected at the BESIII experiment
in 2012. We observed a significant distortion of the η0πþπ−

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' 0.37þ0.83

−0.60 , with a statistical significance larger
than 7σ for being nonzero. The pole nearest to the pp̄
mass threshold of this state is located at Mpole ¼
1909.5' 15.9ðstatÞþ9.4

−27.5ðsystÞ MeV=c2 and Γpole ¼
273.5' 21.4ðstatÞþ6.1

−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
η0πþπ− mass spectrum around 1.85 GeV=c2. This fit yields
a narrow resonance below the pp̄ mass threshold with
M¼1870.2'2.2ðstatÞþ2.3

−0.7ðsystÞMeV=c2 and Γ ¼ 13.0'
6.1ðstatÞþ2.1

−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 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 f1ð1510Þ,
the dash-dotted curves are the Xð2120Þ, the long-dashed curves
are nonresonant η0πþπ− 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 → η0πþπ−Þ.

The state around 1.85 GeV=c2

M (MeV=c2) 1638.0' 121:9þ127.8
−254.3

g20 [ðGeV=c2Þ2] 93.7' 35:4þ47.6
−43.9

g2pp̄=g20 2.31' 0.37þ0.83
−0.60

Mpole (MeV=c2) 1909.5' 15:9þ9.4
−27.5

Γpole (MeV=c2) 273.5' 21:4þ6.1
−64.0

Branching ratio ð3.93' 0.38þ0.31
−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=ψ → γXÞ and BðX → η0πþπ−Þ.

Xð1835Þ
Mass (MeV=c2) 1825.3' 2.4þ17.3

−2.4
Width (MeV=c2) 245.2' 13:1þ4.6

−9.6
B.R. (constructive interference) ð3.01' 0.17þ0.26

−0.28 Þ × 10−4

B.R. (destructive interference) ð3.72' 0.21þ0.18
−0.35 Þ × 10−4

Xð1870Þ
Mass (MeV=c2) 1870.2' 2.2þ2.3

−0.7
Width (MeV=c2) 13.0' 6.1þ2.1

−3.8
B.R. (constructive interference) ð2.03' 0.12þ0.43

−0.70 Þ × 10−7

B.R. (destructive interference) ð1.57' 0.09þ0.49
−0.86 Þ × 10−5
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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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calorimeter, all enclosed in a superconducting solenoidal
magnet providing a 1.0-T magnetic field. The solenoid is
supported by an octagonal flux-return yoke with resistive
plate counter muon identifier modules interleaved with
steel. The charged particle and photon acceptance is 93%
of 4!, and the charged particle momentum and photon
energy resolutions at 1 GeV are 0.5% and 2.5%, respec-
tively. The time resolution of TOF is 80 ps in the barrel and
110 ps in the endcaps, and the dE=dx resolution is 6%.

Charged-particle tracks in the polar angle range
j cos"j< 0:93 are reconstructed from hits in the helium-
gas-based drift chamber. Tracks that extrapolate to be
within 20 cm of the interaction point in the beam direction
and 2 cm in the plane perpendicular to the beam are
selected. The TOF and dE=dx information are combined
to form particle identification confidence levels for the !,
K, and p hypotheses; each track is assigned to the particle
type that corresponds to the hypothesis with the highest
confidence level. Photon candidates are required to have at
least 100MeVof energy in the electromagnetic calorimeter
regions j cos"j< 0:8 and 0:86< j cos"j< 0:92 and be
isolated from all charged tracks by more than 5!. In this
analysis, candidate events are required to have four
charged tracks (zero net charge) with at least three of the
charged tracks identified as pions. At least two photons
(three photons) are required for the #0 ! $% (#0 !
!þ!##) channel.

For J=c ! $!þ!##0ð#0 ! $%Þ, a four-constraint
(4C) energy-momentum conservation kinematic fit is
performed to the $$!þ!#!þ!# hypothesis. For events
with more than two photon candidates, the combination
with the minimum &2 is used, and &2

4C < 40 is required.
Events with jM$$ #m!0 j< 0:04 GeV=c2, jM$$ #m#j<
0:03 GeV=c2, 0:72 GeV=c2 <M$$ < 0:82 GeV=c2, or
jM$!þ!# #m#j< 0:007 GeV=c2 are rejected to suppress
the background from !0!þ!#!þ!#, #!þ!#!þ!#,
!ð! ! $!0Þ!þ!#!þ!#, and $!þ!##ð#! $!þ!#Þ,
respectively. A clear #0 signal with a 5 MeV=c2 mass
resolution is evident in the mass spectrum of all selected
$!þ!# combinations shown in Fig. 1(a). Candidate % and
#0 mesons are reconstructed from the !þ!# and $!þ!#

pairs with jM!þ!# #m%j< 0:2 GeV=c2 and jM$!þ!# #
m#0 j< 0:015 GeV=c2, respectively. If more than one
combination passes these criteria, the combination with
M$!þ!# closest to m#0 is selected. After the above selec-
tion, the Xð1835Þ resonance is clearly visible in the
!þ!##0 invariant-mass spectrum of Fig. 1(b). Also, addi-
tional peaks are evident around 2.1 and 2:4 GeV=c2 as well
as a distinct signal for the #c.

For J=c ! $!þ!##0ð#0 ! !þ!##Þ, a 4C kinematic
fit to the $$$!þ!#!þ!# hypothesis is performed. If
there are more than three photon candidates, the combina-
tion with the minimum &2

4C is selected, and &2
4C < 40 is

required. In order to reduce the combinatorial background
events from !0 ! $$, jM$$ #m!0 j> 0:04 GeV=c2 is
required for all photon pairs. The # candidates are selected

by requiring jM$$ #m#j< 0:03 GeV=c2. A five-

constraint fit with an # mass constraint is used to improve
the mass resolution from 8 MeV=c2 (4C) to 3 MeV=c2, as
shown in Fig. 1(c) where &2

5C < 40 is required. To select #0

mesons, jM!þ!## #m#0 j< 0:01 GeV=c2 is required. If

more than one combination passes the above selection,
the combination with M!þ!## closest to m#0 is selected.

After the above selection, structures similar to those seen
for the #0 ! $% channel in the !þ!##0 invariant-mass
spectrum can be seen in Fig. 1(d), namely, peaks near 1.8,
2.1, and 2:4 GeV=c2 as well as the #c.
Potential background processes are studied with an in-

clusive sample of 2& 108 J=c events generated according
to the Lund-Charm model [16] and the Particle Data Group
(PDG) decay tables [17]. There are no peaking back-
grounds at the positions of the three resonances. To ensure
further that the three peaks are not due to background, we
have studied potential exclusive background processes us-
ing data. The main background channel is from J=c !
!0!þ!##0. Non-#0 processes are studied with #0 mass-
sideband events. Neither of these produce peaking
structures.
The !þ!##0 invariant-mass spectrum for the combined

two #0 decay modes is presented in Fig. 2. Here a small
peak at the position of the f1ð1510Þ signal is also present.
Fits to the mass spectra have been made using four
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FIG. 1 (color online). Invariant-mass distributions for the se-
lected candidate events. Panels (a) and (b) are the $!þ!#

invariant-mass spectrum and the !þ!##0 invariant-mass spec-
trum for #0 ! $%, respectively. Panels (c) and (d) are the
!þ!## invariant-mass spectrum and the !þ!##0 invariant-
mass spectrum for #0 ! !þ!##, respectively. The histograms
in (b) and (d) are from J=c ! $!þ!##0 phase-space MC
events (with arbitrary normalization) for #0 ! $% and #0 !
!þ!##, respectively.
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M =  MeV/1836.5 ± 3.0+5.6
−2.1 c2

η0πþπ− invariant mass distribution. For the J=ψ →
π0η0πþπ− background, we use a one-dimensional data-
driven method that first selects J=ψ → π0η0πþπ− events
from the data to determine the shape of their contribution to
the selected η0πþπ− mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=ψ →
γη0πþπ− and J=ψ → π0η0πþπ− events; the total weight
after reweighting is the estimated number of J=ψ →
π0η0πþπ− 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 η0πþπ− 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
η0πþπ− contribution is obtained from Monte Carlo simu-
lation; the non-η0 and J=ψ → π0η0πþπ− background con-
tributions are obtained as discussed above. For resonances
and the nonresonant η0πþπ− contribution, the phase space
for J=ψ → γη0πþπ− is considered: according to the JP of
f1ð1510Þ and Xð1835Þ, J=ψ → γf1ð1510Þ and J=ψ →
γXð1835Þ 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=ψ radiative decays to η0πþπ− final states
(including resonances and nonresonant η0πþπ−) are con-
strained to be the same for both η0 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 resonance’s line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The η0πþπ− invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the η0 → γπþπ− channel, and that on the right shows the spectrum for the η0 → ηð→ γγÞπþπ− 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=ψ → γη0πþπ− (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 η0πþπ− 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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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
η0πþπ− above the pp̄ threshold is therefore affected by
the opening of theXð1835Þ → pp̄ decay channel, similar to
the distortion of the f0ð980Þ → πþπ− line shape at the KK̄
threshold. To study this, the Flatté formula [25] is used for
the Xð1835Þ line shape:

T ¼
ffiffiffiffiffiffiffi
ρout

p

M2 − s − i
P

kg
2
kρk

: ð1Þ

Here, T is the decay amplitude, ρout is the phase space for
J=ψ → γη0πþπ−, M is a parameter with the dimension of
mass, s is the square of the η0πþπ− system’s 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 þ

g2pp̄
g20

ρpp̄

#
; ð2Þ

where g20 is the sum of g2 of all decay modes other than the
Xð1835Þ → 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 ¼ 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 “Xð1920Þ” in 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 Xð1920Þ is negligible. The fit yields M ¼ 1638.0%
121.9 MeV=c2, g20 ¼ 93.7% 35.4ðGeV=c2Þ2, g2pp̄=g20 ¼
2.31% 0.37, and a product branching fraction of
BðJ=ψ → γXÞBðX → η0πþπ−Þ ¼ ð3.93 % 0.38Þ × 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 ¼ 1909.5% 15.9 MeV=c2

and Γpole ¼ 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 Xð1835Þ
produces the line shape distortion. Here, we denote this
narrow resonance as “Xð1870Þ.” For this case we represent
the line shape in the vicinity of 1835 MeV=c2 by the square
of T, where

T ¼
" ffiffiffiffiffiffiffi

ρout
p

M2
1 − s − iM1Γ1

þ
βeiθ

ffiffiffiffiffiffiffi
ρout

p

M2
2 − s − iM2Γ2

#
: ð3Þ

Here, ρout and s have the same meaning as they had in
Eq. (1);M1, Γ1,M2, and Γ2 represent the masses and widths
of theXð1835Þ andXð1870Þ resonances, respectively; and β
and θ are the relative η0πþπ− 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. TheXð1835Þmass is 1825.3%
2.4 MeV=c2 and the width is 245.2% 13.1 MeV=c2; the
Xð1870Þ 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,Γ1,M2, andΓ2, 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 B½J=ψ → γXð1835Þ'B½Xð1835Þ →
η0πþπ−' ¼ ð3.01% 0.17Þ × 10−4 and B½J=ψ →
γXð1870Þ'B½Xð1870Þ → η0πþπ−' ¼ ð2.03% 0.12Þ × 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 f1ð1510Þ, the dash-dotted curves are
the Xð2120Þ, the dash-dot-dot-dotted curves are the Xð1920Þ, and
the long-dashed curves are nonresonant η0πþπ− 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$B½Xð1835Þ→η0πþπ−$¼ð3.72'
0.21Þ×10−4, and B½J=ψ → γXð1870Þ$B½Xð1870Þ →
η0πþπ−$ ¼ ð1.57' 0.09Þ × 10−5. In this model, the
Xð1920Þ is not included in the fit because its significance
is just 3.9σ. 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 πþπ−. In the first model, the dominant terms are
the fit range, the background description, and the inter-
mediate structure of πþπ−. 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
πþπ−. Considering all systematic uncertainties, the final
result is shown in Table II.
In summary, the J=ψ → γη0πþπ− process is studied with

1.09 × 109 J=ψ events collected at the BESIII experiment
in 2012. We observed a significant distortion of the η0πþπ−

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' 0.37þ0.83

−0.60 , with a statistical significance larger
than 7σ for being nonzero. The pole nearest to the pp̄
mass threshold of this state is located at Mpole ¼
1909.5' 15.9ðstatÞþ9.4

−27.5ðsystÞ MeV=c2 and Γpole ¼
273.5' 21.4ðstatÞþ6.1

−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
η0πþπ− mass spectrum around 1.85 GeV=c2. This fit yields
a narrow resonance below the pp̄ mass threshold with
M¼1870.2'2.2ðstatÞþ2.3

−0.7ðsystÞMeV=c2 and Γ ¼ 13.0'
6.1ðstatÞþ2.1

−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 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 f1ð1510Þ,
the dash-dotted curves are the Xð2120Þ, the long-dashed curves
are nonresonant η0πþπ− 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 → η0πþπ−Þ.

The state around 1.85 GeV=c2

M (MeV=c2) 1638.0' 121:9þ127.8
−254.3

g20 [ðGeV=c2Þ2] 93.7' 35:4þ47.6
−43.9

g2pp̄=g20 2.31' 0.37þ0.83
−0.60

Mpole (MeV=c2) 1909.5' 15:9þ9.4
−27.5

Γpole (MeV=c2) 273.5' 21:4þ6.1
−64.0

Branching ratio ð3.93' 0.38þ0.31
−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=ψ → γXÞ and BðX → η0πþπ−Þ.

Xð1835Þ
Mass (MeV=c2) 1825.3' 2.4þ17.3

−2.4
Width (MeV=c2) 245.2' 13:1þ4.6

−9.6
B.R. (constructive interference) ð3.01' 0.17þ0.26

−0.28 Þ × 10−4

B.R. (destructive interference) ð3.72' 0.21þ0.18
−0.35 Þ × 10−4

Xð1870Þ
Mass (MeV=c2) 1870.2' 2.2þ2.3

−0.7
Width (MeV=c2) 13.0' 6.1þ2.1

−3.8
B.R. (constructive interference) ð2.03' 0.12þ0.43

−0.70 Þ × 10−7

B.R. (destructive interference) ð1.57' 0.09þ0.49
−0.86 Þ × 10−5
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Flatté
shape for 

“X(1835)”

58M  decays:
   MeV/

225M  decays:
   MeV/

1.1B  decays:
   MeV/

10B  decays are currently 
being analyzed…

 There is an urgent need for more  
rigorous methods to extract resonance  
properties from data.

J/ψ
M(X(1835)) = 1833.7 ± 6.1 ± 2.7 c2

J/ψ
M(X(1835)) = 1836.5 ± 3.0+5.6

−2.1 c2

J/ψ
Mpole(X(1835)) = 1909.5 ± 15.9+9.4

−27.5 c2

J/ψ

⟹
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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 Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 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

Γtot (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) – 85±10 107±10 119±16
BES (Seth) – 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

Γee (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) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 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

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

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed 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 in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 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 δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner 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 find 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 fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon 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 fits 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 final 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 sufficiently 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

ψ (3770)

ψ (4040)

ψ (4160) ψ (4415)

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 Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 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

Γtot (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) – 85±10 107±10 119±16
BES (Seth) – 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

Γee (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) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 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

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

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed 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 in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 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 δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner 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 find 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 fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon 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 fits 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 final 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 sufficiently 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 (3770)

ψ (4040)

ψ (4160)

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

ffiffiffi
s

p
-dependent

cross section line shape of the eþe− → πþπ−J=ψ process,
i.e., σð

ffiffiffi
s

p
Þ, to replace the default one of KKMC. Since

σð
ffiffiffi
s

p
Þ 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. Figure 1 shows the
measured cross section σð

ffiffiffi
s

p
Þ from both the XYZ data and

scan data (numerical results are listed in Supplemental
Material [33]).
To study the possible resonant structures in the eþe− →

πþπ−J=ψ process, a binned maximum likelihood fit is
performed simultaneously to the measured cross section
σð

ffiffiffi
s

p
Þ of the XYZ 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 ψð3770Þ component
which accounts for the decay of ψð3770Þ → πþπ−J=ψ ,
with ψð3770Þ mass and width fixed to PDG [8] values.
Because of the lack of data near the ψð3770Þ resonance, it
is impossible to determine the relative phase between the
ψð3770Þ amplitude and the other amplitudes. The ampli-
tude to describe a resonance R is written as

Að
ffiffiffi
s

p
Þ ¼ Mffiffiffi

s
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeþe−ΓtotBR

p

s −M2 þ iMΓtot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

ΦðMÞ

s

eiϕ; ð2Þ

where M, Γtot, and Γeþe− are the mass, full width, and
electronic width of the resonance R, respectively; BR is the
branching fraction of the decay R → πþπ−J=ψ ; Φð

ffiffiffi
s

p
Þ is

the phase space factor of the three-body decay R →
πþπ−J=ψ [8]; and ϕ 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
Table I), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
Table II). Figure 1 shows the fit results. The resonance R1

has a mass and width consistent with that of Yð4008Þ
observed by Belle [5] within 1.0σ and 2.9σ, respectively.

The resonance R2 has a mass 4222.0% 3.1 MeV=c2, which
agrees with the average mass, 4251% 9 MeV=c2 [8], of the
Yð4260Þ peak [1–5] within 3.0σ. However, its measured
width is much narrower than the average width, 120%
12 MeV [8], of the Yð4260Þ. We also observe a new
resonance R3. The statistical significance of R3 is estimated
to be 7.9σ (including systematic uncertainties) by compar-
ing the change of Δð−2 lnLÞ ¼ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom Δn:d:f: ¼ 4 into account. The fit quality
is estimated using a χ2-test method, with χ2=n:d:f: ¼
93.6=110. Fit models taken from previous experiments
[1–5] are also investigated and are ruled out with a
confidence level equivalent to more than 5.4σ.
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 resonance R1. The fit results are
shown as dashed lines in Fig. 1. This model also describes
the data very well. A χ2 test to the fit quality gives
χ2=n:d:f: ¼ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonance R1 or the Yð4008Þ
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 σðeþe− → πþπ−J=ψÞ and simultaneous fit to the XYZ 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 the eþe− → πþπ−J=ψ cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacing R1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

MðR1Þ 3812.6þ61.9
−96.6 (& & &)

ΓtotðR1Þ 476.9þ78.4
−64.8 (& & &)

MðR2Þ 4222.0% 3.1 (4220.9% 2.9)

ΓtotðR2Þ 44.1% 4.3 (44.1% 3.8)

MðR3Þ 4320.0% 10.4 (4326.8% 10.0)

ΓtotðR3Þ 101.4þ25.3
−19.7 (98.2þ25.4

−19.6 )
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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 Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 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

Γtot (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) – 85±10 107±10 119±16
BES (Seth) – 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

Γee (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) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 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

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

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed 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 in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 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 δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner 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 find 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 fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon 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 fits 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 final 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 sufficiently 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

ψ (3770)

ψ (4040)

ψ (4160) ψ (4415)

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

ffiffiffi
s

p
-dependent

cross section line shape of the eþe− → πþπ−J=ψ process,
i.e., σð

ffiffiffi
s

p
Þ, to replace the default one of KKMC. Since

σð
ffiffiffi
s

p
Þ 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. Figure 1 shows the
measured cross section σð

ffiffiffi
s

p
Þ from both the XYZ data and

scan data (numerical results are listed in Supplemental
Material [33]).
To study the possible resonant structures in the eþe− →

πþπ−J=ψ process, a binned maximum likelihood fit is
performed simultaneously to the measured cross section
σð

ffiffiffi
s

p
Þ of the XYZ 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 ψð3770Þ component
which accounts for the decay of ψð3770Þ → πþπ−J=ψ ,
with ψð3770Þ mass and width fixed to PDG [8] values.
Because of the lack of data near the ψð3770Þ resonance, it
is impossible to determine the relative phase between the
ψð3770Þ amplitude and the other amplitudes. The ampli-
tude to describe a resonance R is written as

Að
ffiffiffi
s

p
Þ ¼ Mffiffiffi

s
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeþe−ΓtotBR

p

s −M2 þ iMΓtot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

ΦðMÞ

s

eiϕ; ð2Þ

where M, Γtot, and Γeþe− are the mass, full width, and
electronic width of the resonance R, respectively; BR is the
branching fraction of the decay R → πþπ−J=ψ ; Φð

ffiffiffi
s

p
Þ is

the phase space factor of the three-body decay R →
πþπ−J=ψ [8]; and ϕ 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
Table I), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
Table II). Figure 1 shows the fit results. The resonance R1

has a mass and width consistent with that of Yð4008Þ
observed by Belle [5] within 1.0σ and 2.9σ, respectively.

The resonance R2 has a mass 4222.0% 3.1 MeV=c2, which
agrees with the average mass, 4251% 9 MeV=c2 [8], of the
Yð4260Þ peak [1–5] within 3.0σ. However, its measured
width is much narrower than the average width, 120%
12 MeV [8], of the Yð4260Þ. We also observe a new
resonance R3. The statistical significance of R3 is estimated
to be 7.9σ (including systematic uncertainties) by compar-
ing the change of Δð−2 lnLÞ ¼ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom Δn:d:f: ¼ 4 into account. The fit quality
is estimated using a χ2-test method, with χ2=n:d:f: ¼
93.6=110. Fit models taken from previous experiments
[1–5] are also investigated and are ruled out with a
confidence level equivalent to more than 5.4σ.
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 resonance R1. The fit results are
shown as dashed lines in Fig. 1. This model also describes
the data very well. A χ2 test to the fit quality gives
χ2=n:d:f: ¼ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonance R1 or the Yð4008Þ
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 σðeþe− → πþπ−J=ψÞ and simultaneous fit to the XYZ 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 the eþe− → πþπ−J=ψ cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacing R1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

MðR1Þ 3812.6þ61.9
−96.6 (& & &)

ΓtotðR1Þ 476.9þ78.4
−64.8 (& & &)

MðR2Þ 4222.0% 3.1 (4220.9% 2.9)

ΓtotðR2Þ 44.1% 4.3 (44.1% 3.8)

MðR3Þ 4320.0% 10.4 (4326.8% 10.0)
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jMrecðπþπ−lþl−Þj > 105 MeV=c2, jMcorrðψð3686ÞÞ −
Mðψð3686ÞÞj > 10 MeV=c2 and jMðγγπþπ−Þ −MðηÞj >
60 MeV=c2, respectively. The uncertainties related to the
fit procedure are investigated by changing the fit range,
replacing the linear function by a quadratic function for
the background description and by varying the width of the
convolved Gaussian function for the signal shape. The
selection efficiency is obtained with the signal MC sample
generated according to the PWA results. To estimate the
corresponding uncertainty of the MC model, 100 sets of
signal MC samples are generated to obtain the detection
efficiency distribution, and the resulting standard deviation
is taken as the contribution to the systematic uncertainty. In
each set, the MC sample is generated by varying all the
PWA parameters randomly according to a multivariate
Gaussian function, where the mean and width are the

nominal value and error of the parameters with correlation
considered.
The uncertainties for the combined results of the data

samples with large statistics are summarized in Table II. For
those data samples with low statistics, the uncertainties are
set as the values of the closest data sets in Table II.
Assuming all sources of systematic uncertainties to be
independent, the total uncertainties are obtained by adding
the individual values in quadrature and are found to be in
the range of 4.5% to 5.1%.

V. FIT TO THE CROSS SECTION

To study possible Y states in the process eþe− →
πþπ−ψð3686Þ, a binned χ2 fit is performed to the dressed
cross sections σdressed ¼ σB · ð 1

j1−Πj2Þ. The χ
2 is constructed
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FIG. 4. The dressed cross section fit results of the process eþe− → πþπ−ψð3686Þ corresponding to the four solutions in Table III. The
black dots with error bars are the measured dressed cross section, the blue solid curves are the best-fit results, the red dashed lines
represent individual resonant structures, the green dotted lines show the continuous component, and the gray dot-dashed lines are the
sum of all interference terms. The bottom panel in each plot is the χ distribution.
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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 Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 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

Γtot (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) – 85±10 107±10 119±16
BES (Seth) – 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

Γee (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) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 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

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

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed 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 in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 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 δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner 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 find 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 fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon 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 fits 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 final 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 sufficiently 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

ψ (3770)

ψ (4040)

ψ (4160) ψ (4415)

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

ffiffiffi
s

p
-dependent

cross section line shape of the eþe− → πþπ−J=ψ process,
i.e., σð

ffiffiffi
s

p
Þ, to replace the default one of KKMC. Since

σð
ffiffiffi
s

p
Þ 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. Figure 1 shows the
measured cross section σð

ffiffiffi
s

p
Þ from both the XYZ data and

scan data (numerical results are listed in Supplemental
Material [33]).
To study the possible resonant structures in the eþe− →

πþπ−J=ψ process, a binned maximum likelihood fit is
performed simultaneously to the measured cross section
σð

ffiffiffi
s

p
Þ of the XYZ 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 ψð3770Þ component
which accounts for the decay of ψð3770Þ → πþπ−J=ψ ,
with ψð3770Þ mass and width fixed to PDG [8] values.
Because of the lack of data near the ψð3770Þ resonance, it
is impossible to determine the relative phase between the
ψð3770Þ amplitude and the other amplitudes. The ampli-
tude to describe a resonance R is written as

Að
ffiffiffi
s

p
Þ ¼ Mffiffiffi

s
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeþe−ΓtotBR

p

s −M2 þ iMΓtot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

ΦðMÞ

s

eiϕ; ð2Þ

where M, Γtot, and Γeþe− are the mass, full width, and
electronic width of the resonance R, respectively; BR is the
branching fraction of the decay R → πþπ−J=ψ ; Φð

ffiffiffi
s

p
Þ is

the phase space factor of the three-body decay R →
πþπ−J=ψ [8]; and ϕ 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
Table I), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
Table II). Figure 1 shows the fit results. The resonance R1

has a mass and width consistent with that of Yð4008Þ
observed by Belle [5] within 1.0σ and 2.9σ, respectively.

The resonance R2 has a mass 4222.0% 3.1 MeV=c2, which
agrees with the average mass, 4251% 9 MeV=c2 [8], of the
Yð4260Þ peak [1–5] within 3.0σ. However, its measured
width is much narrower than the average width, 120%
12 MeV [8], of the Yð4260Þ. We also observe a new
resonance R3. The statistical significance of R3 is estimated
to be 7.9σ (including systematic uncertainties) by compar-
ing the change of Δð−2 lnLÞ ¼ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom Δn:d:f: ¼ 4 into account. The fit quality
is estimated using a χ2-test method, with χ2=n:d:f: ¼
93.6=110. Fit models taken from previous experiments
[1–5] are also investigated and are ruled out with a
confidence level equivalent to more than 5.4σ.
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 resonance R1. The fit results are
shown as dashed lines in Fig. 1. This model also describes
the data very well. A χ2 test to the fit quality gives
χ2=n:d:f: ¼ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonance R1 or the Yð4008Þ
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 σðeþe− → πþπ−J=ψÞ and simultaneous fit to the XYZ 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 the eþe− → πþπ−J=ψ cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacing R1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

MðR1Þ 3812.6þ61.9
−96.6 (& & &)

ΓtotðR1Þ 476.9þ78.4
−64.8 (& & &)

MðR2Þ 4222.0% 3.1 (4220.9% 2.9)

ΓtotðR2Þ 44.1% 4.3 (44.1% 3.8)

MðR3Þ 4320.0% 10.4 (4326.8% 10.0)

ΓtotðR3Þ 101.4þ25.3
−19.7 (98.2þ25.4

−19.6 )
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jMrecðπþπ−lþl−Þj > 105 MeV=c2, jMcorrðψð3686ÞÞ −
Mðψð3686ÞÞj > 10 MeV=c2 and jMðγγπþπ−Þ −MðηÞj >
60 MeV=c2, respectively. The uncertainties related to the
fit procedure are investigated by changing the fit range,
replacing the linear function by a quadratic function for
the background description and by varying the width of the
convolved Gaussian function for the signal shape. The
selection efficiency is obtained with the signal MC sample
generated according to the PWA results. To estimate the
corresponding uncertainty of the MC model, 100 sets of
signal MC samples are generated to obtain the detection
efficiency distribution, and the resulting standard deviation
is taken as the contribution to the systematic uncertainty. In
each set, the MC sample is generated by varying all the
PWA parameters randomly according to a multivariate
Gaussian function, where the mean and width are the

nominal value and error of the parameters with correlation
considered.
The uncertainties for the combined results of the data

samples with large statistics are summarized in Table II. For
those data samples with low statistics, the uncertainties are
set as the values of the closest data sets in Table II.
Assuming all sources of systematic uncertainties to be
independent, the total uncertainties are obtained by adding
the individual values in quadrature and are found to be in
the range of 4.5% to 5.1%.

V. FIT TO THE CROSS SECTION

To study possible Y states in the process eþe− →
πþπ−ψð3686Þ, a binned χ2 fit is performed to the dressed
cross sections σdressed ¼ σB · ð 1

j1−Πj2Þ. The χ
2 is constructed
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FIG. 4. The dressed cross section fit results of the process eþe− → πþπ−ψð3686Þ corresponding to the four solutions in Table III. The
black dots with error bars are the measured dressed cross section, the blue solid curves are the best-fit results, the red dashed lines
represent individual resonant structures, the green dotted lines show the continuous component, and the gray dot-dashed lines are the
sum of all interference terms. The bottom panel in each plot is the χ distribution.
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The measured Born cross sections at the different c.m.
energies for both XYZ and scan data are shown in the
top and bottom panels of Fig. 2, respectively. Clear
structures are observed. The numbers used in the
calculation of the Born cross section (upper limit at
the 90% C.L.) are summarized in Tables I and II in the
Supplemental Material [30].
The following sources of systematic uncertainty are

considered in the cross section measurements. The

uncertainty of the integrated luminosity is 1% measured
by analyzing events of the Bhabha scattering process [41].
The uncertainty related with the efficiencies of leptons,
pions and photons is 1% for each particle [42,43]. The
uncertainties related to the J=ψ mass window requirement
and kinematic fit are estimated by tuning the MC sample
for the J=ψ mass resolution and the helix parameters of
charged tracks [44] according to data, and taking the
resulting changes in efficiency as the uncertainties. The
uncertainty associated with ISR correction factor is taken to
be the difference of ð1þ δÞr · ϵ between the last two
iterations in the cross section measurement. The uncertain-
ties on the branching fractions of the intermediate states are
taken from the PDG [1]. As described above, the signal
yields are extracted by performing a simultaneous fit, thus,
those uncertainties, which are correlated (i.e., luminosity,
lepton and photon efficiencies), are directly propagated to
the measured cross sections. Otherwise, we repeated the
simultaneous fits by changing the corresponding value by
$1σ, individually, and the largest changes in the results are
taken as the uncertainties. To extract the uncertainties
associated with the fit procedure, we perform alternative
fits by replacing the linear function with a second-order
polynomial function for the background, fixing the width of
the Gaussian function for the signal to be its nominal value
and, in addition, changing its uncertainty and varying the fit
range individually. The relative changes in the results are
taken as the uncertainties. The efficiencies for the other
selection criteria, the trigger simulation, the event start time
determination, and the FSR simulation, exceed 99%, and
their systematic errors are estimated to be less than 1%.
Assuming all sources of uncertainties are independent, the
total uncertainties in the ηJ=ψ cross section measurement
are determined to be 3.5%–13.7% depending on the c.m.
energy. In general, the systematical errors are much smaller
than the statistical ones. For details, we refer to Table III of
the Supplemental Material [30].
To extract the resonant parameters of the structures

observed in the measured cross sections, a simultaneous
maximum-likelihood fit is performed to the results extracted
from the XYZ and scan data. The fit function is a coherent
sumof a P-wave phase space component (P-PHSP) [Φð

ffiffiffi
s

p
Þ]

of the process eþe− → ηJ=ψ and three Breit-Wigner ampli-
tudes (Bi¼1;2;3) for the structures observed around 4040,
4230 and 4390 MeV=c2, respectively:

σBð
ffiffiffi
s

p
Þ ¼

"""C0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

q
þ eiϕ1B1ð

ffiffiffi
s

p
Þ

þ eiϕ2B2ð
ffiffiffi
s

p
Þ þ eiϕ3B3ð

ffiffiffi
s

p
Þ
"""
2
; ð2Þ

where ϕi is the relative phase of a resonance (i) to the
P-PHSP component and C0 is a free parameter. The para-
metrizations of the P-PHSP and Breit-Wigner components
are given by
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FIG. 2. Top: Cross section and fits of eþe− → ηJ=ψ for XYZ
data. Bottom: Same for the scan data. Dots with error bars are
data. The solid (blue) curves represent the fit results of the
following interfering amplitudes: ψð4040Þ (dashed red), Yð4220Þ
(short-dashed pink), Yð4390Þ (short-dashed purple), and P-PHSP
(long-dashed green).

TABLE I. Fitting results of the eþe− → ηJ=ψ decay.

Parameters Solution 1 Solution 2 Solution 3

M1ðMeV=c2Þ 4039(fixed)
Γ1ðMeVÞ 80(fixed)
Γeþe−
1 Br1 (eV) 1.5$ 0.3 1.4$ 0.3 7.0$ 0.6

ϕ1 (rad) 3.3$ 0.3 3.1$ 0.3 4.5$ 0.2

M2ðMeV=c2Þ 4218.6$ 3.8
Γ2ðMeVÞ 82.0$ 5.7
Γeþe−
2 Br2 (eV) 8.0$ 1.7 4.8$ 1.0 7.0$ 1.5

ϕ2 (rad) 4.2$ 0.4 3.6$ 0.3 2.9$ 0.3

M3ðMeV=c2Þ 4382.0$ 13.3
Γ3ðMeVÞ 135.8$ 60.8
Γeþe−
3 Br3 (eV) 3.4$ 2.2 1.5$ 1.0 1.7$ 1.1

ϕ3 (rad) 2.8$ 0.4 3.3$ 0.4 3.0$ 0.4

M. ABLIKIM et al. PHYS. REV. D 102, 031101 (2020)

031101-6

The measured Born cross sections at the different c.m.
energies for both XYZ and scan data are shown in the
top and bottom panels of Fig. 2, respectively. Clear
structures are observed. The numbers used in the
calculation of the Born cross section (upper limit at
the 90% C.L.) are summarized in Tables I and II in the
Supplemental Material [30].
The following sources of systematic uncertainty are

considered in the cross section measurements. The

uncertainty of the integrated luminosity is 1% measured
by analyzing events of the Bhabha scattering process [41].
The uncertainty related with the efficiencies of leptons,
pions and photons is 1% for each particle [42,43]. The
uncertainties related to the J=ψ mass window requirement
and kinematic fit are estimated by tuning the MC sample
for the J=ψ mass resolution and the helix parameters of
charged tracks [44] according to data, and taking the
resulting changes in efficiency as the uncertainties. The
uncertainty associated with ISR correction factor is taken to
be the difference of ð1þ δÞr · ϵ between the last two
iterations in the cross section measurement. The uncertain-
ties on the branching fractions of the intermediate states are
taken from the PDG [1]. As described above, the signal
yields are extracted by performing a simultaneous fit, thus,
those uncertainties, which are correlated (i.e., luminosity,
lepton and photon efficiencies), are directly propagated to
the measured cross sections. Otherwise, we repeated the
simultaneous fits by changing the corresponding value by
$1σ, individually, and the largest changes in the results are
taken as the uncertainties. To extract the uncertainties
associated with the fit procedure, we perform alternative
fits by replacing the linear function with a second-order
polynomial function for the background, fixing the width of
the Gaussian function for the signal to be its nominal value
and, in addition, changing its uncertainty and varying the fit
range individually. The relative changes in the results are
taken as the uncertainties. The efficiencies for the other
selection criteria, the trigger simulation, the event start time
determination, and the FSR simulation, exceed 99%, and
their systematic errors are estimated to be less than 1%.
Assuming all sources of uncertainties are independent, the
total uncertainties in the ηJ=ψ cross section measurement
are determined to be 3.5%–13.7% depending on the c.m.
energy. In general, the systematical errors are much smaller
than the statistical ones. For details, we refer to Table III of
the Supplemental Material [30].
To extract the resonant parameters of the structures

observed in the measured cross sections, a simultaneous
maximum-likelihood fit is performed to the results extracted
from the XYZ and scan data. The fit function is a coherent
sumof a P-wave phase space component (P-PHSP) [Φð

ffiffiffi
s

p
Þ]

of the process eþe− → ηJ=ψ and three Breit-Wigner ampli-
tudes (Bi¼1;2;3) for the structures observed around 4040,
4230 and 4390 MeV=c2, respectively:
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where ϕi is the relative phase of a resonance (i) to the
P-PHSP component and C0 is a free parameter. The para-
metrizations of the P-PHSP and Breit-Wigner components
are given by
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FIG. 2. Top: Cross section and fits of eþe− → ηJ=ψ for XYZ
data. Bottom: Same for the scan data. Dots with error bars are
data. The solid (blue) curves represent the fit results of the
following interfering amplitudes: ψð4040Þ (dashed red), Yð4220Þ
(short-dashed pink), Yð4390Þ (short-dashed purple), and P-PHSP
(long-dashed green).

TABLE I. Fitting results of the eþe− → ηJ=ψ decay.

Parameters Solution 1 Solution 2 Solution 3

M1ðMeV=c2Þ 4039(fixed)
Γ1ðMeVÞ 80(fixed)
Γeþe−
1 Br1 (eV) 1.5$ 0.3 1.4$ 0.3 7.0$ 0.6

ϕ1 (rad) 3.3$ 0.3 3.1$ 0.3 4.5$ 0.2

M2ðMeV=c2Þ 4218.6$ 3.8
Γ2ðMeVÞ 82.0$ 5.7
Γeþe−
2 Br2 (eV) 8.0$ 1.7 4.8$ 1.0 7.0$ 1.5

ϕ2 (rad) 4.2$ 0.4 3.6$ 0.3 2.9$ 0.3

M3ðMeV=c2Þ 4382.0$ 13.3
Γ3ðMeVÞ 135.8$ 60.8
Γeþe−
3 Br3 (eV) 3.4$ 2.2 1.5$ 1.0 1.7$ 1.1

ϕ3 (rad) 2.8$ 0.4 3.3$ 0.4 3.0$ 0.4
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The measured Born cross sections at the different c.m.
energies for both XYZ and scan data are shown in the
top and bottom panels of Fig. 2, respectively. Clear
structures are observed. The numbers used in the
calculation of the Born cross section (upper limit at
the 90% C.L.) are summarized in Tables I and II in the
Supplemental Material [30].
The following sources of systematic uncertainty are

considered in the cross section measurements. The

uncertainty of the integrated luminosity is 1% measured
by analyzing events of the Bhabha scattering process [41].
The uncertainty related with the efficiencies of leptons,
pions and photons is 1% for each particle [42,43]. The
uncertainties related to the J=ψ mass window requirement
and kinematic fit are estimated by tuning the MC sample
for the J=ψ mass resolution and the helix parameters of
charged tracks [44] according to data, and taking the
resulting changes in efficiency as the uncertainties. The
uncertainty associated with ISR correction factor is taken to
be the difference of ð1þ δÞr · ϵ between the last two
iterations in the cross section measurement. The uncertain-
ties on the branching fractions of the intermediate states are
taken from the PDG [1]. As described above, the signal
yields are extracted by performing a simultaneous fit, thus,
those uncertainties, which are correlated (i.e., luminosity,
lepton and photon efficiencies), are directly propagated to
the measured cross sections. Otherwise, we repeated the
simultaneous fits by changing the corresponding value by
$1σ, individually, and the largest changes in the results are
taken as the uncertainties. To extract the uncertainties
associated with the fit procedure, we perform alternative
fits by replacing the linear function with a second-order
polynomial function for the background, fixing the width of
the Gaussian function for the signal to be its nominal value
and, in addition, changing its uncertainty and varying the fit
range individually. The relative changes in the results are
taken as the uncertainties. The efficiencies for the other
selection criteria, the trigger simulation, the event start time
determination, and the FSR simulation, exceed 99%, and
their systematic errors are estimated to be less than 1%.
Assuming all sources of uncertainties are independent, the
total uncertainties in the ηJ=ψ cross section measurement
are determined to be 3.5%–13.7% depending on the c.m.
energy. In general, the systematical errors are much smaller
than the statistical ones. For details, we refer to Table III of
the Supplemental Material [30].
To extract the resonant parameters of the structures

observed in the measured cross sections, a simultaneous
maximum-likelihood fit is performed to the results extracted
from the XYZ and scan data. The fit function is a coherent
sumof a P-wave phase space component (P-PHSP) [Φð

ffiffiffi
s

p
Þ]

of the process eþe− → ηJ=ψ and three Breit-Wigner ampli-
tudes (Bi¼1;2;3) for the structures observed around 4040,
4230 and 4390 MeV=c2, respectively:
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where ϕi is the relative phase of a resonance (i) to the
P-PHSP component and C0 is a free parameter. The para-
metrizations of the P-PHSP and Breit-Wigner components
are given by
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FIG. 2. Top: Cross section and fits of eþe− → ηJ=ψ for XYZ
data. Bottom: Same for the scan data. Dots with error bars are
data. The solid (blue) curves represent the fit results of the
following interfering amplitudes: ψð4040Þ (dashed red), Yð4220Þ
(short-dashed pink), Yð4390Þ (short-dashed purple), and P-PHSP
(long-dashed green).

TABLE I. Fitting results of the eþe− → ηJ=ψ decay.

Parameters Solution 1 Solution 2 Solution 3

M1ðMeV=c2Þ 4039(fixed)
Γ1ðMeVÞ 80(fixed)
Γeþe−
1 Br1 (eV) 1.5$ 0.3 1.4$ 0.3 7.0$ 0.6

ϕ1 (rad) 3.3$ 0.3 3.1$ 0.3 4.5$ 0.2

M2ðMeV=c2Þ 4218.6$ 3.8
Γ2ðMeVÞ 82.0$ 5.7
Γeþe−
2 Br2 (eV) 8.0$ 1.7 4.8$ 1.0 7.0$ 1.5

ϕ2 (rad) 4.2$ 0.4 3.6$ 0.3 2.9$ 0.3

M3ðMeV=c2Þ 4382.0$ 13.3
Γ3ðMeVÞ 135.8$ 60.8
Γeþe−
3 Br3 (eV) 3.4$ 2.2 1.5$ 1.0 1.7$ 1.1

ϕ3 (rad) 2.8$ 0.4 3.3$ 0.4 3.0$ 0.4

M. ABLIKIM et al. PHYS. REV. D 102, 031101 (2020)

031101-6

e+e− → ηJ/ψ

ψ (4040)

ψ (4230)

ψ (4390)?

PRD 102, 031101 (2020)



XYZ at BESIII:  (1) Start with e+e− → Y

15

(really , since )ψ IGJPC = 0−1−−

318 BES Collaboration / Physics Letters B 660 (2008) 315–319

Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 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

Γtot (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) – 85±10 107±10 119±16
BES (Seth) – 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

Γee (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) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 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

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

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed 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 in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 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 δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner 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 find 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 fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon 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 fits 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 final 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 sufficiently 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

ψ (3770)

ψ (4040)

ψ (4160) ψ (4415)

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

ffiffiffi
s

p
-dependent

cross section line shape of the eþe− → πþπ−J=ψ process,
i.e., σð

ffiffiffi
s

p
Þ, to replace the default one of KKMC. Since

σð
ffiffiffi
s

p
Þ 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. Figure 1 shows the
measured cross section σð

ffiffiffi
s

p
Þ from both the XYZ data and

scan data (numerical results are listed in Supplemental
Material [33]).
To study the possible resonant structures in the eþe− →

πþπ−J=ψ process, a binned maximum likelihood fit is
performed simultaneously to the measured cross section
σð

ffiffiffi
s

p
Þ of the XYZ 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 ψð3770Þ component
which accounts for the decay of ψð3770Þ → πþπ−J=ψ ,
with ψð3770Þ mass and width fixed to PDG [8] values.
Because of the lack of data near the ψð3770Þ resonance, it
is impossible to determine the relative phase between the
ψð3770Þ amplitude and the other amplitudes. The ampli-
tude to describe a resonance R is written as

Að
ffiffiffi
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p
Þ ¼ Mffiffiffi

s
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where M, Γtot, and Γeþe− are the mass, full width, and
electronic width of the resonance R, respectively; BR is the
branching fraction of the decay R → πþπ−J=ψ ; Φð

ffiffiffi
s

p
Þ is

the phase space factor of the three-body decay R →
πþπ−J=ψ [8]; and ϕ 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
Table I), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
Table II). Figure 1 shows the fit results. The resonance R1

has a mass and width consistent with that of Yð4008Þ
observed by Belle [5] within 1.0σ and 2.9σ, respectively.

The resonance R2 has a mass 4222.0% 3.1 MeV=c2, which
agrees with the average mass, 4251% 9 MeV=c2 [8], of the
Yð4260Þ peak [1–5] within 3.0σ. However, its measured
width is much narrower than the average width, 120%
12 MeV [8], of the Yð4260Þ. We also observe a new
resonance R3. The statistical significance of R3 is estimated
to be 7.9σ (including systematic uncertainties) by compar-
ing the change of Δð−2 lnLÞ ¼ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom Δn:d:f: ¼ 4 into account. The fit quality
is estimated using a χ2-test method, with χ2=n:d:f: ¼
93.6=110. Fit models taken from previous experiments
[1–5] are also investigated and are ruled out with a
confidence level equivalent to more than 5.4σ.
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 resonance R1. The fit results are
shown as dashed lines in Fig. 1. This model also describes
the data very well. A χ2 test to the fit quality gives
χ2=n:d:f: ¼ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonance R1 or the Yð4008Þ
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 σðeþe− → πþπ−J=ψÞ and simultaneous fit to the XYZ 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 the eþe− → πþπ−J=ψ cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacing R1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

MðR1Þ 3812.6þ61.9
−96.6 (& & &)

ΓtotðR1Þ 476.9þ78.4
−64.8 (& & &)

MðR2Þ 4222.0% 3.1 (4220.9% 2.9)

ΓtotðR2Þ 44.1% 4.3 (44.1% 3.8)

MðR3Þ 4320.0% 10.4 (4326.8% 10.0)

ΓtotðR3Þ 101.4þ25.3
−19.7 (98.2þ25.4

−19.6 )
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jMrecðπþπ−lþl−Þj > 105 MeV=c2, jMcorrðψð3686ÞÞ −
Mðψð3686ÞÞj > 10 MeV=c2 and jMðγγπþπ−Þ −MðηÞj >
60 MeV=c2, respectively. The uncertainties related to the
fit procedure are investigated by changing the fit range,
replacing the linear function by a quadratic function for
the background description and by varying the width of the
convolved Gaussian function for the signal shape. The
selection efficiency is obtained with the signal MC sample
generated according to the PWA results. To estimate the
corresponding uncertainty of the MC model, 100 sets of
signal MC samples are generated to obtain the detection
efficiency distribution, and the resulting standard deviation
is taken as the contribution to the systematic uncertainty. In
each set, the MC sample is generated by varying all the
PWA parameters randomly according to a multivariate
Gaussian function, where the mean and width are the

nominal value and error of the parameters with correlation
considered.
The uncertainties for the combined results of the data

samples with large statistics are summarized in Table II. For
those data samples with low statistics, the uncertainties are
set as the values of the closest data sets in Table II.
Assuming all sources of systematic uncertainties to be
independent, the total uncertainties are obtained by adding
the individual values in quadrature and are found to be in
the range of 4.5% to 5.1%.

V. FIT TO THE CROSS SECTION

To study possible Y states in the process eþe− →
πþπ−ψð3686Þ, a binned χ2 fit is performed to the dressed
cross sections σdressed ¼ σB · ð 1

j1−Πj2Þ. The χ
2 is constructed
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FIG. 4. The dressed cross section fit results of the process eþe− → πþπ−ψð3686Þ corresponding to the four solutions in Table III. The
black dots with error bars are the measured dressed cross section, the blue solid curves are the best-fit results, the red dashed lines
represent individual resonant structures, the green dotted lines show the continuous component, and the gray dot-dashed lines are the
sum of all interference terms. The bottom panel in each plot is the χ distribution.
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The measured Born cross sections at the different c.m.
energies for both XYZ and scan data are shown in the
top and bottom panels of Fig. 2, respectively. Clear
structures are observed. The numbers used in the
calculation of the Born cross section (upper limit at
the 90% C.L.) are summarized in Tables I and II in the
Supplemental Material [30].
The following sources of systematic uncertainty are

considered in the cross section measurements. The

uncertainty of the integrated luminosity is 1% measured
by analyzing events of the Bhabha scattering process [41].
The uncertainty related with the efficiencies of leptons,
pions and photons is 1% for each particle [42,43]. The
uncertainties related to the J=ψ mass window requirement
and kinematic fit are estimated by tuning the MC sample
for the J=ψ mass resolution and the helix parameters of
charged tracks [44] according to data, and taking the
resulting changes in efficiency as the uncertainties. The
uncertainty associated with ISR correction factor is taken to
be the difference of ð1þ δÞr · ϵ between the last two
iterations in the cross section measurement. The uncertain-
ties on the branching fractions of the intermediate states are
taken from the PDG [1]. As described above, the signal
yields are extracted by performing a simultaneous fit, thus,
those uncertainties, which are correlated (i.e., luminosity,
lepton and photon efficiencies), are directly propagated to
the measured cross sections. Otherwise, we repeated the
simultaneous fits by changing the corresponding value by
$1σ, individually, and the largest changes in the results are
taken as the uncertainties. To extract the uncertainties
associated with the fit procedure, we perform alternative
fits by replacing the linear function with a second-order
polynomial function for the background, fixing the width of
the Gaussian function for the signal to be its nominal value
and, in addition, changing its uncertainty and varying the fit
range individually. The relative changes in the results are
taken as the uncertainties. The efficiencies for the other
selection criteria, the trigger simulation, the event start time
determination, and the FSR simulation, exceed 99%, and
their systematic errors are estimated to be less than 1%.
Assuming all sources of uncertainties are independent, the
total uncertainties in the ηJ=ψ cross section measurement
are determined to be 3.5%–13.7% depending on the c.m.
energy. In general, the systematical errors are much smaller
than the statistical ones. For details, we refer to Table III of
the Supplemental Material [30].
To extract the resonant parameters of the structures

observed in the measured cross sections, a simultaneous
maximum-likelihood fit is performed to the results extracted
from the XYZ and scan data. The fit function is a coherent
sumof a P-wave phase space component (P-PHSP) [Φð
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s

p
Þ]

of the process eþe− → ηJ=ψ and three Breit-Wigner ampli-
tudes (Bi¼1;2;3) for the structures observed around 4040,
4230 and 4390 MeV=c2, respectively:
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where ϕi is the relative phase of a resonance (i) to the
P-PHSP component and C0 is a free parameter. The para-
metrizations of the P-PHSP and Breit-Wigner components
are given by
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FIG. 2. Top: Cross section and fits of eþe− → ηJ=ψ for XYZ
data. Bottom: Same for the scan data. Dots with error bars are
data. The solid (blue) curves represent the fit results of the
following interfering amplitudes: ψð4040Þ (dashed red), Yð4220Þ
(short-dashed pink), Yð4390Þ (short-dashed purple), and P-PHSP
(long-dashed green).

TABLE I. Fitting results of the eþe− → ηJ=ψ decay.

Parameters Solution 1 Solution 2 Solution 3

M1ðMeV=c2Þ 4039(fixed)
Γ1ðMeVÞ 80(fixed)
Γeþe−
1 Br1 (eV) 1.5$ 0.3 1.4$ 0.3 7.0$ 0.6

ϕ1 (rad) 3.3$ 0.3 3.1$ 0.3 4.5$ 0.2

M2ðMeV=c2Þ 4218.6$ 3.8
Γ2ðMeVÞ 82.0$ 5.7
Γeþe−
2 Br2 (eV) 8.0$ 1.7 4.8$ 1.0 7.0$ 1.5

ϕ2 (rad) 4.2$ 0.4 3.6$ 0.3 2.9$ 0.3

M3ðMeV=c2Þ 4382.0$ 13.3
Γ3ðMeVÞ 135.8$ 60.8
Γeþe−
3 Br3 (eV) 3.4$ 2.2 1.5$ 1.0 1.7$ 1.1

ϕ3 (rad) 2.8$ 0.4 3.3$ 0.4 3.0$ 0.4
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The measured Born cross sections at the different c.m.
energies for both XYZ and scan data are shown in the
top and bottom panels of Fig. 2, respectively. Clear
structures are observed. The numbers used in the
calculation of the Born cross section (upper limit at
the 90% C.L.) are summarized in Tables I and II in the
Supplemental Material [30].
The following sources of systematic uncertainty are

considered in the cross section measurements. The

uncertainty of the integrated luminosity is 1% measured
by analyzing events of the Bhabha scattering process [41].
The uncertainty related with the efficiencies of leptons,
pions and photons is 1% for each particle [42,43]. The
uncertainties related to the J=ψ mass window requirement
and kinematic fit are estimated by tuning the MC sample
for the J=ψ mass resolution and the helix parameters of
charged tracks [44] according to data, and taking the
resulting changes in efficiency as the uncertainties. The
uncertainty associated with ISR correction factor is taken to
be the difference of ð1þ δÞr · ϵ between the last two
iterations in the cross section measurement. The uncertain-
ties on the branching fractions of the intermediate states are
taken from the PDG [1]. As described above, the signal
yields are extracted by performing a simultaneous fit, thus,
those uncertainties, which are correlated (i.e., luminosity,
lepton and photon efficiencies), are directly propagated to
the measured cross sections. Otherwise, we repeated the
simultaneous fits by changing the corresponding value by
$1σ, individually, and the largest changes in the results are
taken as the uncertainties. To extract the uncertainties
associated with the fit procedure, we perform alternative
fits by replacing the linear function with a second-order
polynomial function for the background, fixing the width of
the Gaussian function for the signal to be its nominal value
and, in addition, changing its uncertainty and varying the fit
range individually. The relative changes in the results are
taken as the uncertainties. The efficiencies for the other
selection criteria, the trigger simulation, the event start time
determination, and the FSR simulation, exceed 99%, and
their systematic errors are estimated to be less than 1%.
Assuming all sources of uncertainties are independent, the
total uncertainties in the ηJ=ψ cross section measurement
are determined to be 3.5%–13.7% depending on the c.m.
energy. In general, the systematical errors are much smaller
than the statistical ones. For details, we refer to Table III of
the Supplemental Material [30].
To extract the resonant parameters of the structures

observed in the measured cross sections, a simultaneous
maximum-likelihood fit is performed to the results extracted
from the XYZ and scan data. The fit function is a coherent
sumof a P-wave phase space component (P-PHSP) [Φð

ffiffiffi
s

p
Þ]

of the process eþe− → ηJ=ψ and three Breit-Wigner ampli-
tudes (Bi¼1;2;3) for the structures observed around 4040,
4230 and 4390 MeV=c2, respectively:
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where ϕi is the relative phase of a resonance (i) to the
P-PHSP component and C0 is a free parameter. The para-
metrizations of the P-PHSP and Breit-Wigner components
are given by
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FIG. 2. Top: Cross section and fits of eþe− → ηJ=ψ for XYZ
data. Bottom: Same for the scan data. Dots with error bars are
data. The solid (blue) curves represent the fit results of the
following interfering amplitudes: ψð4040Þ (dashed red), Yð4220Þ
(short-dashed pink), Yð4390Þ (short-dashed purple), and P-PHSP
(long-dashed green).

TABLE I. Fitting results of the eþe− → ηJ=ψ decay.

Parameters Solution 1 Solution 2 Solution 3
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Γ1ðMeVÞ 80(fixed)
Γeþe−
1 Br1 (eV) 1.5$ 0.3 1.4$ 0.3 7.0$ 0.6
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Γeþe−
3 Br3 (eV) 3.4$ 2.2 1.5$ 1.0 1.7$ 1.1

ϕ3 (rad) 2.8$ 0.4 3.3$ 0.4 3.0$ 0.4
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The measured Born cross sections at the different c.m.
energies for both XYZ and scan data are shown in the
top and bottom panels of Fig. 2, respectively. Clear
structures are observed. The numbers used in the
calculation of the Born cross section (upper limit at
the 90% C.L.) are summarized in Tables I and II in the
Supplemental Material [30].
The following sources of systematic uncertainty are

considered in the cross section measurements. The

uncertainty of the integrated luminosity is 1% measured
by analyzing events of the Bhabha scattering process [41].
The uncertainty related with the efficiencies of leptons,
pions and photons is 1% for each particle [42,43]. The
uncertainties related to the J=ψ mass window requirement
and kinematic fit are estimated by tuning the MC sample
for the J=ψ mass resolution and the helix parameters of
charged tracks [44] according to data, and taking the
resulting changes in efficiency as the uncertainties. The
uncertainty associated with ISR correction factor is taken to
be the difference of ð1þ δÞr · ϵ between the last two
iterations in the cross section measurement. The uncertain-
ties on the branching fractions of the intermediate states are
taken from the PDG [1]. As described above, the signal
yields are extracted by performing a simultaneous fit, thus,
those uncertainties, which are correlated (i.e., luminosity,
lepton and photon efficiencies), are directly propagated to
the measured cross sections. Otherwise, we repeated the
simultaneous fits by changing the corresponding value by
$1σ, individually, and the largest changes in the results are
taken as the uncertainties. To extract the uncertainties
associated with the fit procedure, we perform alternative
fits by replacing the linear function with a second-order
polynomial function for the background, fixing the width of
the Gaussian function for the signal to be its nominal value
and, in addition, changing its uncertainty and varying the fit
range individually. The relative changes in the results are
taken as the uncertainties. The efficiencies for the other
selection criteria, the trigger simulation, the event start time
determination, and the FSR simulation, exceed 99%, and
their systematic errors are estimated to be less than 1%.
Assuming all sources of uncertainties are independent, the
total uncertainties in the ηJ=ψ cross section measurement
are determined to be 3.5%–13.7% depending on the c.m.
energy. In general, the systematical errors are much smaller
than the statistical ones. For details, we refer to Table III of
the Supplemental Material [30].
To extract the resonant parameters of the structures

observed in the measured cross sections, a simultaneous
maximum-likelihood fit is performed to the results extracted
from the XYZ and scan data. The fit function is a coherent
sumof a P-wave phase space component (P-PHSP) [Φð
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of the process eþe− → ηJ=ψ and three Breit-Wigner ampli-
tudes (Bi¼1;2;3) for the structures observed around 4040,
4230 and 4390 MeV=c2, respectively:
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where ϕi is the relative phase of a resonance (i) to the
P-PHSP component and C0 is a free parameter. The para-
metrizations of the P-PHSP and Breit-Wigner components
are given by
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FIG. 2. Top: Cross section and fits of eþe− → ηJ=ψ for XYZ
data. Bottom: Same for the scan data. Dots with error bars are
data. The solid (blue) curves represent the fit results of the
following interfering amplitudes: ψð4040Þ (dashed red), Yð4220Þ
(short-dashed pink), Yð4390Þ (short-dashed purple), and P-PHSP
(long-dashed green).

TABLE I. Fitting results of the eþe− → ηJ=ψ decay.

Parameters Solution 1 Solution 2 Solution 3

M1ðMeV=c2Þ 4039(fixed)
Γ1ðMeVÞ 80(fixed)
Γeþe−
1 Br1 (eV) 1.5$ 0.3 1.4$ 0.3 7.0$ 0.6

ϕ1 (rad) 3.3$ 0.3 3.1$ 0.3 4.5$ 0.2

M2ðMeV=c2Þ 4218.6$ 3.8
Γ2ðMeVÞ 82.0$ 5.7
Γeþe−
2 Br2 (eV) 8.0$ 1.7 4.8$ 1.0 7.0$ 1.5

ϕ2 (rad) 4.2$ 0.4 3.6$ 0.3 2.9$ 0.3

M3ðMeV=c2Þ 4382.0$ 13.3
Γ3ðMeVÞ 135.8$ 60.8
Γeþe−
3 Br3 (eV) 3.4$ 2.2 1.5$ 1.0 1.7$ 1.1
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the correction factor for vacuum polarization [23], BðD0 →
K−πþÞ ¼ ð3.93% 0.04Þ% [12], and ϵ is the detection
efficiency. Values of all above variables are given in
Supplemental Material [14]. Efficiencies at

ffiffiffi
s

p
¼ 4.2263,

4.2580, 4.3583, 4.4156, and 4.5995 GeVare calculated with
MC simulated data samples [24] that are generated by the
data-driven BODY3 generator based on EVTGEN [18], taking
into account the influence of possible intermediate states
[Zcð3885Þ− in theD0D&− system [20,25] and highly excited
D states in the πþD0 or πþD&− systems]. Since the BODY3

generator requires a large selected sample obtained from
events in the signal region after subtracting the background
contribution (estimated with the events in the sideband
region for BKG2 and MC simulation from BKG1), it is
used only for the five energy points with high luminosity.
Efficiencies at the other energy points are estimated with
PHSP MC samples, with appropriate uncertainties included
later. The obtained Born cross sections, which are consistent
with and more precise than those of Belle [13], are
summarized in Supplemental Material [14].
The systematic uncertainties in the cross-section mea-

surements are listed in Table I. The uncertainty in lumi-
nosity is 1.0% at each energy point [26]. The uncertainty in
BðD0 → K−πþÞ is 1.0% [12]. The uncertainty in the ISR
correction factor is 3.0% [22]. The uncertainties associated
with the detection efficiencies include the tracking and
particle identification (PID) efficiencies (1.0% per track),
D0 and D&− mass window requirements, and signal
MC model. The uncertainties associated with the D0 and
D&− mass windows are estimated by repeating the analysis
with an altered mass window requirement; the relative
changes in the cross sections are taken as systematic
uncertainties. The uncertainties associated with the
BODY3 signal MC model consist of three parts: the choice

of binning and the BKG1 and BKG2 subtractions. The
uncertainty associated with the choice of binning is
estimated by repeating the simulation with an altered bin
size. The uncertainty associated with the BKG1 subtraction
is studied by replacing the PHSP MC sample with MC
samples of processes including the intermediate states
eþe− → D̄&

2ð2460Þ0D&0, D̄&
2ð2460Þ0 → πþD− and eþe− →

D1ð2460ÞþD−, D1ð2460Þþ → πþD&0. For the BKG2
uncertainty, we replace the sideband events with the
inclusive MC sample when subtracting the background.
The maximum relative changes on the detection efficiency
are taken as the corresponding uncertainties. The total
signal MC model uncertainty is the sum in quadrature of
these three contributions. To estimate the uncertainties
of the signal MC model for the low-luminosity data, we
estimate the detection efficiencies for the five energy points
of large luminosity with the PHSP MC samples; the
resultant largest difference with respect to the nominal
efficiencies, 5.3%, is assigned as the corresponding uncer-
tainty for the low-luminosity energy points. The uncertain-
ties associated with the signal shape, background shape,
and fit range in the signal yield extraction are determined
by changing the signal shape to the pure MC shape, by
changing the background function from a linear polynomial
function to a second-order one and by changing the fit
range, respectively. Because or limited statistics, fit results
at the energy points with low luminosity suffer large
statistical fluctuations in such refits; thus, the largest
systematic uncertainties from the five large-luminosity data
samples are adopted. Assuming no significant correlations
between sources, the total systematic uncertainty is
obtained as the sum in quadrature.
The dressed cross section, which includes vacuum

polarization effects, is shown in Fig. 2. Two enhancements
around 4.23 and 4.40 GeV, denoted hereafter as R1 and R2,
respectively, are clearly visible. A maximum likelihood fit
to the dressed cross section is performed to determine the

TABLE I. Breakdown of the systematic uncertainties (%) in the
measurements of the Born cross section, separately for the five
energy points with high-luminosity data and the other points. Part
of the systematic uncertainties is, in fact, due to the finite statistics
of the data.

ffiffiffi
s

p
(GeV) 4.2263 4.2580 4.3583 4.4156 4.5995 Other

Luminosity 1.0 1.0 1.0 1.0 1.0 1.0
BðD0 → K−πþÞ 1.0 1.0 1.0 1.0 1.0 1.0
ð1þ δÞϵ 3.0 3.0 3.0 3.0 3.0 3.0
Tracking 3.0 3.0 3.0 3.0 3.0 3.0
PID 3.0 3.0 3.0 3.0 3.0 3.0
D0 mass window 0.3 0.1 0.4 0.2 0.7 0.7
D&− mass window 0.2 0.1 0.2 0.3 0.3 0.3
Signal MC model 2.5 2.1 2.9 2.3 2.2 5.3
Signal shape 0.1 1.5 0.8 1.5 2.1 2.1
Background shape 0.4 0.2 0.2 0.1 0.1 0.4
Fit range 0.1 0.2 0.1 0.1 0.1 0.2

Sum in quadrature 6.0 6.0 6.2 6.1 6.2 8.0
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FIG. 2. Fit to the dressed cross section of eþe− → πþD0D&−,
where the black dots with error bars are the measured cross
sections and the blue line shows the fit result. The error bars are
statistical only. The pink dashed triple-dot line describes the
phase-space contribution, the green dashed double-dot line
describes the R2 contribution, and the light blue dashed line
describes the R1 contribution.
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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 Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 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

Γtot (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) – 85±10 107±10 119±16
BES (Seth) – 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

Γee (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) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 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

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

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed 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 in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 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 δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner 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 find 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 fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon 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 fits 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 final 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 sufficiently 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

ψ (3770)

ψ (4040)

ψ (4160) ψ (4415)

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

ffiffiffi
s

p
-dependent

cross section line shape of the eþe− → πþπ−J=ψ process,
i.e., σð

ffiffiffi
s

p
Þ, to replace the default one of KKMC. Since

σð
ffiffiffi
s

p
Þ 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. Figure 1 shows the
measured cross section σð

ffiffiffi
s

p
Þ from both the XYZ data and

scan data (numerical results are listed in Supplemental
Material [33]).
To study the possible resonant structures in the eþe− →

πþπ−J=ψ process, a binned maximum likelihood fit is
performed simultaneously to the measured cross section
σð

ffiffiffi
s

p
Þ of the XYZ 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 ψð3770Þ component
which accounts for the decay of ψð3770Þ → πþπ−J=ψ ,
with ψð3770Þ mass and width fixed to PDG [8] values.
Because of the lack of data near the ψð3770Þ resonance, it
is impossible to determine the relative phase between the
ψð3770Þ amplitude and the other amplitudes. The ampli-
tude to describe a resonance R is written as

Að
ffiffiffi
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p
Þ ¼ Mffiffiffi

s
p
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where M, Γtot, and Γeþe− are the mass, full width, and
electronic width of the resonance R, respectively; BR is the
branching fraction of the decay R → πþπ−J=ψ ; Φð

ffiffiffi
s

p
Þ is

the phase space factor of the three-body decay R →
πþπ−J=ψ [8]; and ϕ 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
Table I), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
Table II). Figure 1 shows the fit results. The resonance R1

has a mass and width consistent with that of Yð4008Þ
observed by Belle [5] within 1.0σ and 2.9σ, respectively.

The resonance R2 has a mass 4222.0% 3.1 MeV=c2, which
agrees with the average mass, 4251% 9 MeV=c2 [8], of the
Yð4260Þ peak [1–5] within 3.0σ. However, its measured
width is much narrower than the average width, 120%
12 MeV [8], of the Yð4260Þ. We also observe a new
resonance R3. The statistical significance of R3 is estimated
to be 7.9σ (including systematic uncertainties) by compar-
ing the change of Δð−2 lnLÞ ¼ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom Δn:d:f: ¼ 4 into account. The fit quality
is estimated using a χ2-test method, with χ2=n:d:f: ¼
93.6=110. Fit models taken from previous experiments
[1–5] are also investigated and are ruled out with a
confidence level equivalent to more than 5.4σ.
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 resonance R1. The fit results are
shown as dashed lines in Fig. 1. This model also describes
the data very well. A χ2 test to the fit quality gives
χ2=n:d:f: ¼ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonance R1 or the Yð4008Þ
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 the eþe− → πþπ−J=ψ cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacing R1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

MðR1Þ 3812.6þ61.9
−96.6 (& & &)

ΓtotðR1Þ 476.9þ78.4
−64.8 (& & &)

MðR2Þ 4222.0% 3.1 (4220.9% 2.9)

ΓtotðR2Þ 44.1% 4.3 (44.1% 3.8)

MðR3Þ 4320.0% 10.4 (4326.8% 10.0)

ΓtotðR3Þ 101.4þ25.3
−19.7 (98.2þ25.4

−19.6 )
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ψ (4230)

?ψ (4360)    
M = 4222.0 ± 3.1

±1.4 MeV/c2

jMrecðπþπ−lþl−Þj > 105 MeV=c2, jMcorrðψð3686ÞÞ −
Mðψð3686ÞÞj > 10 MeV=c2 and jMðγγπþπ−Þ −MðηÞj >
60 MeV=c2, respectively. The uncertainties related to the
fit procedure are investigated by changing the fit range,
replacing the linear function by a quadratic function for
the background description and by varying the width of the
convolved Gaussian function for the signal shape. The
selection efficiency is obtained with the signal MC sample
generated according to the PWA results. To estimate the
corresponding uncertainty of the MC model, 100 sets of
signal MC samples are generated to obtain the detection
efficiency distribution, and the resulting standard deviation
is taken as the contribution to the systematic uncertainty. In
each set, the MC sample is generated by varying all the
PWA parameters randomly according to a multivariate
Gaussian function, where the mean and width are the

nominal value and error of the parameters with correlation
considered.
The uncertainties for the combined results of the data

samples with large statistics are summarized in Table II. For
those data samples with low statistics, the uncertainties are
set as the values of the closest data sets in Table II.
Assuming all sources of systematic uncertainties to be
independent, the total uncertainties are obtained by adding
the individual values in quadrature and are found to be in
the range of 4.5% to 5.1%.

V. FIT TO THE CROSS SECTION

To study possible Y states in the process eþe− →
πþπ−ψð3686Þ, a binned χ2 fit is performed to the dressed
cross sections σdressed ¼ σB · ð 1

j1−Πj2Þ. The χ
2 is constructed
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The measured Born cross sections at the different c.m.
energies for both XYZ and scan data are shown in the
top and bottom panels of Fig. 2, respectively. Clear
structures are observed. The numbers used in the
calculation of the Born cross section (upper limit at
the 90% C.L.) are summarized in Tables I and II in the
Supplemental Material [30].
The following sources of systematic uncertainty are

considered in the cross section measurements. The

uncertainty of the integrated luminosity is 1% measured
by analyzing events of the Bhabha scattering process [41].
The uncertainty related with the efficiencies of leptons,
pions and photons is 1% for each particle [42,43]. The
uncertainties related to the J=ψ mass window requirement
and kinematic fit are estimated by tuning the MC sample
for the J=ψ mass resolution and the helix parameters of
charged tracks [44] according to data, and taking the
resulting changes in efficiency as the uncertainties. The
uncertainty associated with ISR correction factor is taken to
be the difference of ð1þ δÞr · ϵ between the last two
iterations in the cross section measurement. The uncertain-
ties on the branching fractions of the intermediate states are
taken from the PDG [1]. As described above, the signal
yields are extracted by performing a simultaneous fit, thus,
those uncertainties, which are correlated (i.e., luminosity,
lepton and photon efficiencies), are directly propagated to
the measured cross sections. Otherwise, we repeated the
simultaneous fits by changing the corresponding value by
$1σ, individually, and the largest changes in the results are
taken as the uncertainties. To extract the uncertainties
associated with the fit procedure, we perform alternative
fits by replacing the linear function with a second-order
polynomial function for the background, fixing the width of
the Gaussian function for the signal to be its nominal value
and, in addition, changing its uncertainty and varying the fit
range individually. The relative changes in the results are
taken as the uncertainties. The efficiencies for the other
selection criteria, the trigger simulation, the event start time
determination, and the FSR simulation, exceed 99%, and
their systematic errors are estimated to be less than 1%.
Assuming all sources of uncertainties are independent, the
total uncertainties in the ηJ=ψ cross section measurement
are determined to be 3.5%–13.7% depending on the c.m.
energy. In general, the systematical errors are much smaller
than the statistical ones. For details, we refer to Table III of
the Supplemental Material [30].
To extract the resonant parameters of the structures

observed in the measured cross sections, a simultaneous
maximum-likelihood fit is performed to the results extracted
from the XYZ and scan data. The fit function is a coherent
sumof a P-wave phase space component (P-PHSP) [Φð

ffiffiffi
s

p
Þ]

of the process eþe− → ηJ=ψ and three Breit-Wigner ampli-
tudes (Bi¼1;2;3) for the structures observed around 4040,
4230 and 4390 MeV=c2, respectively:
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where ϕi is the relative phase of a resonance (i) to the
P-PHSP component and C0 is a free parameter. The para-
metrizations of the P-PHSP and Breit-Wigner components
are given by
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FIG. 2. Top: Cross section and fits of eþe− → ηJ=ψ for XYZ
data. Bottom: Same for the scan data. Dots with error bars are
data. The solid (blue) curves represent the fit results of the
following interfering amplitudes: ψð4040Þ (dashed red), Yð4220Þ
(short-dashed pink), Yð4390Þ (short-dashed purple), and P-PHSP
(long-dashed green).

TABLE I. Fitting results of the eþe− → ηJ=ψ decay.

Parameters Solution 1 Solution 2 Solution 3

M1ðMeV=c2Þ 4039(fixed)
Γ1ðMeVÞ 80(fixed)
Γeþe−
1 Br1 (eV) 1.5$ 0.3 1.4$ 0.3 7.0$ 0.6

ϕ1 (rad) 3.3$ 0.3 3.1$ 0.3 4.5$ 0.2

M2ðMeV=c2Þ 4218.6$ 3.8
Γ2ðMeVÞ 82.0$ 5.7
Γeþe−
2 Br2 (eV) 8.0$ 1.7 4.8$ 1.0 7.0$ 1.5

ϕ2 (rad) 4.2$ 0.4 3.6$ 0.3 2.9$ 0.3

M3ðMeV=c2Þ 4382.0$ 13.3
Γ3ðMeVÞ 135.8$ 60.8
Γeþe−
3 Br3 (eV) 3.4$ 2.2 1.5$ 1.0 1.7$ 1.1

ϕ3 (rad) 2.8$ 0.4 3.3$ 0.4 3.0$ 0.4
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The measured Born cross sections at the different c.m.
energies for both XYZ and scan data are shown in the
top and bottom panels of Fig. 2, respectively. Clear
structures are observed. The numbers used in the
calculation of the Born cross section (upper limit at
the 90% C.L.) are summarized in Tables I and II in the
Supplemental Material [30].
The following sources of systematic uncertainty are

considered in the cross section measurements. The

uncertainty of the integrated luminosity is 1% measured
by analyzing events of the Bhabha scattering process [41].
The uncertainty related with the efficiencies of leptons,
pions and photons is 1% for each particle [42,43]. The
uncertainties related to the J=ψ mass window requirement
and kinematic fit are estimated by tuning the MC sample
for the J=ψ mass resolution and the helix parameters of
charged tracks [44] according to data, and taking the
resulting changes in efficiency as the uncertainties. The
uncertainty associated with ISR correction factor is taken to
be the difference of ð1þ δÞr · ϵ between the last two
iterations in the cross section measurement. The uncertain-
ties on the branching fractions of the intermediate states are
taken from the PDG [1]. As described above, the signal
yields are extracted by performing a simultaneous fit, thus,
those uncertainties, which are correlated (i.e., luminosity,
lepton and photon efficiencies), are directly propagated to
the measured cross sections. Otherwise, we repeated the
simultaneous fits by changing the corresponding value by
$1σ, individually, and the largest changes in the results are
taken as the uncertainties. To extract the uncertainties
associated with the fit procedure, we perform alternative
fits by replacing the linear function with a second-order
polynomial function for the background, fixing the width of
the Gaussian function for the signal to be its nominal value
and, in addition, changing its uncertainty and varying the fit
range individually. The relative changes in the results are
taken as the uncertainties. The efficiencies for the other
selection criteria, the trigger simulation, the event start time
determination, and the FSR simulation, exceed 99%, and
their systematic errors are estimated to be less than 1%.
Assuming all sources of uncertainties are independent, the
total uncertainties in the ηJ=ψ cross section measurement
are determined to be 3.5%–13.7% depending on the c.m.
energy. In general, the systematical errors are much smaller
than the statistical ones. For details, we refer to Table III of
the Supplemental Material [30].
To extract the resonant parameters of the structures

observed in the measured cross sections, a simultaneous
maximum-likelihood fit is performed to the results extracted
from the XYZ and scan data. The fit function is a coherent
sumof a P-wave phase space component (P-PHSP) [Φð

ffiffiffi
s

p
Þ]

of the process eþe− → ηJ=ψ and three Breit-Wigner ampli-
tudes (Bi¼1;2;3) for the structures observed around 4040,
4230 and 4390 MeV=c2, respectively:
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where ϕi is the relative phase of a resonance (i) to the
P-PHSP component and C0 is a free parameter. The para-
metrizations of the P-PHSP and Breit-Wigner components
are given by
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FIG. 2. Top: Cross section and fits of eþe− → ηJ=ψ for XYZ
data. Bottom: Same for the scan data. Dots with error bars are
data. The solid (blue) curves represent the fit results of the
following interfering amplitudes: ψð4040Þ (dashed red), Yð4220Þ
(short-dashed pink), Yð4390Þ (short-dashed purple), and P-PHSP
(long-dashed green).

TABLE I. Fitting results of the eþe− → ηJ=ψ decay.

Parameters Solution 1 Solution 2 Solution 3

M1ðMeV=c2Þ 4039(fixed)
Γ1ðMeVÞ 80(fixed)
Γeþe−
1 Br1 (eV) 1.5$ 0.3 1.4$ 0.3 7.0$ 0.6

ϕ1 (rad) 3.3$ 0.3 3.1$ 0.3 4.5$ 0.2

M2ðMeV=c2Þ 4218.6$ 3.8
Γ2ðMeVÞ 82.0$ 5.7
Γeþe−
2 Br2 (eV) 8.0$ 1.7 4.8$ 1.0 7.0$ 1.5

ϕ2 (rad) 4.2$ 0.4 3.6$ 0.3 2.9$ 0.3

M3ðMeV=c2Þ 4382.0$ 13.3
Γ3ðMeVÞ 135.8$ 60.8
Γeþe−
3 Br3 (eV) 3.4$ 2.2 1.5$ 1.0 1.7$ 1.1

ϕ3 (rad) 2.8$ 0.4 3.3$ 0.4 3.0$ 0.4
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The measured Born cross sections at the different c.m.
energies for both XYZ and scan data are shown in the
top and bottom panels of Fig. 2, respectively. Clear
structures are observed. The numbers used in the
calculation of the Born cross section (upper limit at
the 90% C.L.) are summarized in Tables I and II in the
Supplemental Material [30].
The following sources of systematic uncertainty are

considered in the cross section measurements. The

uncertainty of the integrated luminosity is 1% measured
by analyzing events of the Bhabha scattering process [41].
The uncertainty related with the efficiencies of leptons,
pions and photons is 1% for each particle [42,43]. The
uncertainties related to the J=ψ mass window requirement
and kinematic fit are estimated by tuning the MC sample
for the J=ψ mass resolution and the helix parameters of
charged tracks [44] according to data, and taking the
resulting changes in efficiency as the uncertainties. The
uncertainty associated with ISR correction factor is taken to
be the difference of ð1þ δÞr · ϵ between the last two
iterations in the cross section measurement. The uncertain-
ties on the branching fractions of the intermediate states are
taken from the PDG [1]. As described above, the signal
yields are extracted by performing a simultaneous fit, thus,
those uncertainties, which are correlated (i.e., luminosity,
lepton and photon efficiencies), are directly propagated to
the measured cross sections. Otherwise, we repeated the
simultaneous fits by changing the corresponding value by
$1σ, individually, and the largest changes in the results are
taken as the uncertainties. To extract the uncertainties
associated with the fit procedure, we perform alternative
fits by replacing the linear function with a second-order
polynomial function for the background, fixing the width of
the Gaussian function for the signal to be its nominal value
and, in addition, changing its uncertainty and varying the fit
range individually. The relative changes in the results are
taken as the uncertainties. The efficiencies for the other
selection criteria, the trigger simulation, the event start time
determination, and the FSR simulation, exceed 99%, and
their systematic errors are estimated to be less than 1%.
Assuming all sources of uncertainties are independent, the
total uncertainties in the ηJ=ψ cross section measurement
are determined to be 3.5%–13.7% depending on the c.m.
energy. In general, the systematical errors are much smaller
than the statistical ones. For details, we refer to Table III of
the Supplemental Material [30].
To extract the resonant parameters of the structures

observed in the measured cross sections, a simultaneous
maximum-likelihood fit is performed to the results extracted
from the XYZ and scan data. The fit function is a coherent
sumof a P-wave phase space component (P-PHSP) [Φð

ffiffiffi
s
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Þ]

of the process eþe− → ηJ=ψ and three Breit-Wigner ampli-
tudes (Bi¼1;2;3) for the structures observed around 4040,
4230 and 4390 MeV=c2, respectively:

σBð
ffiffiffi
s

p
Þ ¼

"""C0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

q
þ eiϕ1B1ð

ffiffiffi
s

p
Þ

þ eiϕ2B2ð
ffiffiffi
s

p
Þ þ eiϕ3B3ð

ffiffiffi
s

p
Þ
"""
2
; ð2Þ

where ϕi is the relative phase of a resonance (i) to the
P-PHSP component and C0 is a free parameter. The para-
metrizations of the P-PHSP and Breit-Wigner components
are given by
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FIG. 2. Top: Cross section and fits of eþe− → ηJ=ψ for XYZ
data. Bottom: Same for the scan data. Dots with error bars are
data. The solid (blue) curves represent the fit results of the
following interfering amplitudes: ψð4040Þ (dashed red), Yð4220Þ
(short-dashed pink), Yð4390Þ (short-dashed purple), and P-PHSP
(long-dashed green).

TABLE I. Fitting results of the eþe− → ηJ=ψ decay.

Parameters Solution 1 Solution 2 Solution 3

M1ðMeV=c2Þ 4039(fixed)
Γ1ðMeVÞ 80(fixed)
Γeþe−
1 Br1 (eV) 1.5$ 0.3 1.4$ 0.3 7.0$ 0.6

ϕ1 (rad) 3.3$ 0.3 3.1$ 0.3 4.5$ 0.2

M2ðMeV=c2Þ 4218.6$ 3.8
Γ2ðMeVÞ 82.0$ 5.7
Γeþe−
2 Br2 (eV) 8.0$ 1.7 4.8$ 1.0 7.0$ 1.5

ϕ2 (rad) 4.2$ 0.4 3.6$ 0.3 2.9$ 0.3

M3ðMeV=c2Þ 4382.0$ 13.3
Γ3ðMeVÞ 135.8$ 60.8
Γeþe−
3 Br3 (eV) 3.4$ 2.2 1.5$ 1.0 1.7$ 1.1

ϕ3 (rad) 2.8$ 0.4 3.3$ 0.4 3.0$ 0.4
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the correction factor for vacuum polarization [23], BðD0 →
K−πþÞ ¼ ð3.93% 0.04Þ% [12], and ϵ is the detection
efficiency. Values of all above variables are given in
Supplemental Material [14]. Efficiencies at

ffiffiffi
s

p
¼ 4.2263,

4.2580, 4.3583, 4.4156, and 4.5995 GeVare calculated with
MC simulated data samples [24] that are generated by the
data-driven BODY3 generator based on EVTGEN [18], taking
into account the influence of possible intermediate states
[Zcð3885Þ− in theD0D&− system [20,25] and highly excited
D states in the πþD0 or πþD&− systems]. Since the BODY3

generator requires a large selected sample obtained from
events in the signal region after subtracting the background
contribution (estimated with the events in the sideband
region for BKG2 and MC simulation from BKG1), it is
used only for the five energy points with high luminosity.
Efficiencies at the other energy points are estimated with
PHSP MC samples, with appropriate uncertainties included
later. The obtained Born cross sections, which are consistent
with and more precise than those of Belle [13], are
summarized in Supplemental Material [14].
The systematic uncertainties in the cross-section mea-

surements are listed in Table I. The uncertainty in lumi-
nosity is 1.0% at each energy point [26]. The uncertainty in
BðD0 → K−πþÞ is 1.0% [12]. The uncertainty in the ISR
correction factor is 3.0% [22]. The uncertainties associated
with the detection efficiencies include the tracking and
particle identification (PID) efficiencies (1.0% per track),
D0 and D&− mass window requirements, and signal
MC model. The uncertainties associated with the D0 and
D&− mass windows are estimated by repeating the analysis
with an altered mass window requirement; the relative
changes in the cross sections are taken as systematic
uncertainties. The uncertainties associated with the
BODY3 signal MC model consist of three parts: the choice

of binning and the BKG1 and BKG2 subtractions. The
uncertainty associated with the choice of binning is
estimated by repeating the simulation with an altered bin
size. The uncertainty associated with the BKG1 subtraction
is studied by replacing the PHSP MC sample with MC
samples of processes including the intermediate states
eþe− → D̄&

2ð2460Þ0D&0, D̄&
2ð2460Þ0 → πþD− and eþe− →

D1ð2460ÞþD−, D1ð2460Þþ → πþD&0. For the BKG2
uncertainty, we replace the sideband events with the
inclusive MC sample when subtracting the background.
The maximum relative changes on the detection efficiency
are taken as the corresponding uncertainties. The total
signal MC model uncertainty is the sum in quadrature of
these three contributions. To estimate the uncertainties
of the signal MC model for the low-luminosity data, we
estimate the detection efficiencies for the five energy points
of large luminosity with the PHSP MC samples; the
resultant largest difference with respect to the nominal
efficiencies, 5.3%, is assigned as the corresponding uncer-
tainty for the low-luminosity energy points. The uncertain-
ties associated with the signal shape, background shape,
and fit range in the signal yield extraction are determined
by changing the signal shape to the pure MC shape, by
changing the background function from a linear polynomial
function to a second-order one and by changing the fit
range, respectively. Because or limited statistics, fit results
at the energy points with low luminosity suffer large
statistical fluctuations in such refits; thus, the largest
systematic uncertainties from the five large-luminosity data
samples are adopted. Assuming no significant correlations
between sources, the total systematic uncertainty is
obtained as the sum in quadrature.
The dressed cross section, which includes vacuum

polarization effects, is shown in Fig. 2. Two enhancements
around 4.23 and 4.40 GeV, denoted hereafter as R1 and R2,
respectively, are clearly visible. A maximum likelihood fit
to the dressed cross section is performed to determine the

TABLE I. Breakdown of the systematic uncertainties (%) in the
measurements of the Born cross section, separately for the five
energy points with high-luminosity data and the other points. Part
of the systematic uncertainties is, in fact, due to the finite statistics
of the data.

ffiffiffi
s

p
(GeV) 4.2263 4.2580 4.3583 4.4156 4.5995 Other

Luminosity 1.0 1.0 1.0 1.0 1.0 1.0
BðD0 → K−πþÞ 1.0 1.0 1.0 1.0 1.0 1.0
ð1þ δÞϵ 3.0 3.0 3.0 3.0 3.0 3.0
Tracking 3.0 3.0 3.0 3.0 3.0 3.0
PID 3.0 3.0 3.0 3.0 3.0 3.0
D0 mass window 0.3 0.1 0.4 0.2 0.7 0.7
D&− mass window 0.2 0.1 0.2 0.3 0.3 0.3
Signal MC model 2.5 2.1 2.9 2.3 2.2 5.3
Signal shape 0.1 1.5 0.8 1.5 2.1 2.1
Background shape 0.4 0.2 0.2 0.1 0.1 0.4
Fit range 0.1 0.2 0.1 0.1 0.1 0.2

Sum in quadrature 6.0 6.0 6.2 6.1 6.2 8.0
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FIG. 2. Fit to the dressed cross section of eþe− → πþD0D&−,
where the black dots with error bars are the measured cross
sections and the blue line shows the fit result. The error bars are
statistical only. The pink dashed triple-dot line describes the
phase-space contribution, the green dashed double-dot line
describes the R2 contribution, and the light blue dashed line
describes the R1 contribution.

PHYSICAL REVIEW LETTERS 122, 102002 (2019)

102002-5

e+e− → π+D0D*−

ψ (4230)

??
PRL 122, 102002 (2019)

3700 3800 3900 4000 4100 4200 4300 4400 4500 4600 4700

]2Mass   [MeV/c

0

20

40

60

80

100

120

140

160

180

200

W
id

th
   

[M
eV

]

 StatesψPDG 2021 

R peaks
ABLIKIM 08D (BESII) R

µµ K→AAIJ 13BC (LHCb) B 
(4230)ψ

-µ+µABLIKIM 20AG (BESIII) 
ψJ/0π0πABLIKIM 20N (BESIII) 

ψJ/ηABLIKIM 20O (BESIII) 

c0
χωABLIKIM 19AI (BESIII) 

DD*πABLIKIM 19R (BESIII) 
X(3872)γABLIKIM 19V (BESIII) 

ψJ/ππABLIKIM 17B (BESIII) 

chππABLIKIM 17G (BESIII) 
(2S)ψππABLIKIM 17V (BESIII) 

(4360)ψ

ψJ/ππABLIKIM 17B (BESIII) 
(2S)ψππABLIKIM 17V (BESIII) 

(2S)ψππWANG 15A (BELLE) 
(2S)ψππLEES 14F (BABAR) 

(4390)ψ

ψJ/ηABLIKIM 20O (BESIII) 

chππABLIKIM 17G (BESIII) 
(4660)ψ

s2D*sJIA 20 (BELLE) D

s1DsJIA 19A (BELLE) D
(2S)ψππWANG 15A (BELLE) 

(2S)ψππLEES 14F (BABAR) 

cΛcΛPAKHLOVA 08B (BELLE) 

 StatesψPDG 2021 Properties of the Heavy  States (PDG 2021)ψ



XYZ at BESIII:  (1) Start with e+e− → Y

17

(really , since )ψ IGJPC = 0−1−−

318 BES Collaboration / Physics Letters B 660 (2008) 315–319

Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 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

Γtot (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) – 85±10 107±10 119±16
BES (Seth) – 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

Γee (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) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 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

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

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed 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 in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 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 δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner 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 find 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 fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon 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 fits 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 final 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 sufficiently 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

ψ (3770)

ψ (4040)

ψ (4160) ψ (4415)

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

ffiffiffi
s

p
-dependent

cross section line shape of the eþe− → πþπ−J=ψ process,
i.e., σð

ffiffiffi
s

p
Þ, to replace the default one of KKMC. Since

σð
ffiffiffi
s

p
Þ 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. Figure 1 shows the
measured cross section σð

ffiffiffi
s

p
Þ from both the XYZ data and

scan data (numerical results are listed in Supplemental
Material [33]).
To study the possible resonant structures in the eþe− →

πþπ−J=ψ process, a binned maximum likelihood fit is
performed simultaneously to the measured cross section
σð

ffiffiffi
s

p
Þ of the XYZ 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 ψð3770Þ component
which accounts for the decay of ψð3770Þ → πþπ−J=ψ ,
with ψð3770Þ mass and width fixed to PDG [8] values.
Because of the lack of data near the ψð3770Þ resonance, it
is impossible to determine the relative phase between the
ψð3770Þ amplitude and the other amplitudes. The ampli-
tude to describe a resonance R is written as

Að
ffiffiffi
s

p
Þ ¼ Mffiffiffi

s
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeþe−ΓtotBR

p

s −M2 þ iMΓtot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

ΦðMÞ

s

eiϕ; ð2Þ

where M, Γtot, and Γeþe− are the mass, full width, and
electronic width of the resonance R, respectively; BR is the
branching fraction of the decay R → πþπ−J=ψ ; Φð

ffiffiffi
s

p
Þ is

the phase space factor of the three-body decay R →
πþπ−J=ψ [8]; and ϕ 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
Table I), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
Table II). Figure 1 shows the fit results. The resonance R1

has a mass and width consistent with that of Yð4008Þ
observed by Belle [5] within 1.0σ and 2.9σ, respectively.

The resonance R2 has a mass 4222.0% 3.1 MeV=c2, which
agrees with the average mass, 4251% 9 MeV=c2 [8], of the
Yð4260Þ peak [1–5] within 3.0σ. However, its measured
width is much narrower than the average width, 120%
12 MeV [8], of the Yð4260Þ. We also observe a new
resonance R3. The statistical significance of R3 is estimated
to be 7.9σ (including systematic uncertainties) by compar-
ing the change of Δð−2 lnLÞ ¼ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom Δn:d:f: ¼ 4 into account. The fit quality
is estimated using a χ2-test method, with χ2=n:d:f: ¼
93.6=110. Fit models taken from previous experiments
[1–5] are also investigated and are ruled out with a
confidence level equivalent to more than 5.4σ.
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 resonance R1. The fit results are
shown as dashed lines in Fig. 1. This model also describes
the data very well. A χ2 test to the fit quality gives
χ2=n:d:f: ¼ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonance R1 or the Yð4008Þ
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 σðeþe− → πþπ−J=ψÞ and simultaneous fit to the XYZ 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 the eþe− → πþπ−J=ψ cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacing R1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

MðR1Þ 3812.6þ61.9
−96.6 (& & &)

ΓtotðR1Þ 476.9þ78.4
−64.8 (& & &)

MðR2Þ 4222.0% 3.1 (4220.9% 2.9)

ΓtotðR2Þ 44.1% 4.3 (44.1% 3.8)

MðR3Þ 4320.0% 10.4 (4326.8% 10.0)

ΓtotðR3Þ 101.4þ25.3
−19.7 (98.2þ25.4

−19.6 )
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ψ (4230)

?ψ (4360)    
M = 4222.0 ± 3.1

±1.4 MeV/c2

jMrecðπþπ−lþl−Þj > 105 MeV=c2, jMcorrðψð3686ÞÞ −
Mðψð3686ÞÞj > 10 MeV=c2 and jMðγγπþπ−Þ −MðηÞj >
60 MeV=c2, respectively. The uncertainties related to the
fit procedure are investigated by changing the fit range,
replacing the linear function by a quadratic function for
the background description and by varying the width of the
convolved Gaussian function for the signal shape. The
selection efficiency is obtained with the signal MC sample
generated according to the PWA results. To estimate the
corresponding uncertainty of the MC model, 100 sets of
signal MC samples are generated to obtain the detection
efficiency distribution, and the resulting standard deviation
is taken as the contribution to the systematic uncertainty. In
each set, the MC sample is generated by varying all the
PWA parameters randomly according to a multivariate
Gaussian function, where the mean and width are the

nominal value and error of the parameters with correlation
considered.
The uncertainties for the combined results of the data

samples with large statistics are summarized in Table II. For
those data samples with low statistics, the uncertainties are
set as the values of the closest data sets in Table II.
Assuming all sources of systematic uncertainties to be
independent, the total uncertainties are obtained by adding
the individual values in quadrature and are found to be in
the range of 4.5% to 5.1%.

V. FIT TO THE CROSS SECTION

To study possible Y states in the process eþe− →
πþπ−ψð3686Þ, a binned χ2 fit is performed to the dressed
cross sections σdressed ¼ σB · ð 1

j1−Πj2Þ. The χ
2 is constructed
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FIG. 4. The dressed cross section fit results of the process eþe− → πþπ−ψð3686Þ corresponding to the four solutions in Table III. The
black dots with error bars are the measured dressed cross section, the blue solid curves are the best-fit results, the red dashed lines
represent individual resonant structures, the green dotted lines show the continuous component, and the gray dot-dashed lines are the
sum of all interference terms. The bottom panel in each plot is the χ distribution.
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The measured Born cross sections at the different c.m.
energies for both XYZ and scan data are shown in the
top and bottom panels of Fig. 2, respectively. Clear
structures are observed. The numbers used in the
calculation of the Born cross section (upper limit at
the 90% C.L.) are summarized in Tables I and II in the
Supplemental Material [30].
The following sources of systematic uncertainty are

considered in the cross section measurements. The

uncertainty of the integrated luminosity is 1% measured
by analyzing events of the Bhabha scattering process [41].
The uncertainty related with the efficiencies of leptons,
pions and photons is 1% for each particle [42,43]. The
uncertainties related to the J=ψ mass window requirement
and kinematic fit are estimated by tuning the MC sample
for the J=ψ mass resolution and the helix parameters of
charged tracks [44] according to data, and taking the
resulting changes in efficiency as the uncertainties. The
uncertainty associated with ISR correction factor is taken to
be the difference of ð1þ δÞr · ϵ between the last two
iterations in the cross section measurement. The uncertain-
ties on the branching fractions of the intermediate states are
taken from the PDG [1]. As described above, the signal
yields are extracted by performing a simultaneous fit, thus,
those uncertainties, which are correlated (i.e., luminosity,
lepton and photon efficiencies), are directly propagated to
the measured cross sections. Otherwise, we repeated the
simultaneous fits by changing the corresponding value by
$1σ, individually, and the largest changes in the results are
taken as the uncertainties. To extract the uncertainties
associated with the fit procedure, we perform alternative
fits by replacing the linear function with a second-order
polynomial function for the background, fixing the width of
the Gaussian function for the signal to be its nominal value
and, in addition, changing its uncertainty and varying the fit
range individually. The relative changes in the results are
taken as the uncertainties. The efficiencies for the other
selection criteria, the trigger simulation, the event start time
determination, and the FSR simulation, exceed 99%, and
their systematic errors are estimated to be less than 1%.
Assuming all sources of uncertainties are independent, the
total uncertainties in the ηJ=ψ cross section measurement
are determined to be 3.5%–13.7% depending on the c.m.
energy. In general, the systematical errors are much smaller
than the statistical ones. For details, we refer to Table III of
the Supplemental Material [30].
To extract the resonant parameters of the structures

observed in the measured cross sections, a simultaneous
maximum-likelihood fit is performed to the results extracted
from the XYZ and scan data. The fit function is a coherent
sumof a P-wave phase space component (P-PHSP) [Φð

ffiffiffi
s

p
Þ]

of the process eþe− → ηJ=ψ and three Breit-Wigner ampli-
tudes (Bi¼1;2;3) for the structures observed around 4040,
4230 and 4390 MeV=c2, respectively:

σBð
ffiffiffi
s

p
Þ ¼

"""C0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð
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p
Þ

q
þ eiϕ1B1ð

ffiffiffi
s

p
Þ

þ eiϕ2B2ð
ffiffiffi
s

p
Þ þ eiϕ3B3ð

ffiffiffi
s

p
Þ
"""
2
; ð2Þ

where ϕi is the relative phase of a resonance (i) to the
P-PHSP component and C0 is a free parameter. The para-
metrizations of the P-PHSP and Breit-Wigner components
are given by

 (GeV)s
3.8 3.9 4 4.1 4.2 4.3 4.4 4.5 4.6

-50

0

50

100

150→ - e+
(e

B σ

0

10

20

30

40

50

60

70

80

) 
(p

b)
ψ

 J
/

η

FIG. 2. Top: Cross section and fits of eþe− → ηJ=ψ for XYZ
data. Bottom: Same for the scan data. Dots with error bars are
data. The solid (blue) curves represent the fit results of the
following interfering amplitudes: ψð4040Þ (dashed red), Yð4220Þ
(short-dashed pink), Yð4390Þ (short-dashed purple), and P-PHSP
(long-dashed green).

TABLE I. Fitting results of the eþe− → ηJ=ψ decay.

Parameters Solution 1 Solution 2 Solution 3

M1ðMeV=c2Þ 4039(fixed)
Γ1ðMeVÞ 80(fixed)
Γeþe−
1 Br1 (eV) 1.5$ 0.3 1.4$ 0.3 7.0$ 0.6

ϕ1 (rad) 3.3$ 0.3 3.1$ 0.3 4.5$ 0.2

M2ðMeV=c2Þ 4218.6$ 3.8
Γ2ðMeVÞ 82.0$ 5.7
Γeþe−
2 Br2 (eV) 8.0$ 1.7 4.8$ 1.0 7.0$ 1.5

ϕ2 (rad) 4.2$ 0.4 3.6$ 0.3 2.9$ 0.3

M3ðMeV=c2Þ 4382.0$ 13.3
Γ3ðMeVÞ 135.8$ 60.8
Γeþe−
3 Br3 (eV) 3.4$ 2.2 1.5$ 1.0 1.7$ 1.1

ϕ3 (rad) 2.8$ 0.4 3.3$ 0.4 3.0$ 0.4
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The measured Born cross sections at the different c.m.
energies for both XYZ and scan data are shown in the
top and bottom panels of Fig. 2, respectively. Clear
structures are observed. The numbers used in the
calculation of the Born cross section (upper limit at
the 90% C.L.) are summarized in Tables I and II in the
Supplemental Material [30].
The following sources of systematic uncertainty are

considered in the cross section measurements. The

uncertainty of the integrated luminosity is 1% measured
by analyzing events of the Bhabha scattering process [41].
The uncertainty related with the efficiencies of leptons,
pions and photons is 1% for each particle [42,43]. The
uncertainties related to the J=ψ mass window requirement
and kinematic fit are estimated by tuning the MC sample
for the J=ψ mass resolution and the helix parameters of
charged tracks [44] according to data, and taking the
resulting changes in efficiency as the uncertainties. The
uncertainty associated with ISR correction factor is taken to
be the difference of ð1þ δÞr · ϵ between the last two
iterations in the cross section measurement. The uncertain-
ties on the branching fractions of the intermediate states are
taken from the PDG [1]. As described above, the signal
yields are extracted by performing a simultaneous fit, thus,
those uncertainties, which are correlated (i.e., luminosity,
lepton and photon efficiencies), are directly propagated to
the measured cross sections. Otherwise, we repeated the
simultaneous fits by changing the corresponding value by
$1σ, individually, and the largest changes in the results are
taken as the uncertainties. To extract the uncertainties
associated with the fit procedure, we perform alternative
fits by replacing the linear function with a second-order
polynomial function for the background, fixing the width of
the Gaussian function for the signal to be its nominal value
and, in addition, changing its uncertainty and varying the fit
range individually. The relative changes in the results are
taken as the uncertainties. The efficiencies for the other
selection criteria, the trigger simulation, the event start time
determination, and the FSR simulation, exceed 99%, and
their systematic errors are estimated to be less than 1%.
Assuming all sources of uncertainties are independent, the
total uncertainties in the ηJ=ψ cross section measurement
are determined to be 3.5%–13.7% depending on the c.m.
energy. In general, the systematical errors are much smaller
than the statistical ones. For details, we refer to Table III of
the Supplemental Material [30].
To extract the resonant parameters of the structures

observed in the measured cross sections, a simultaneous
maximum-likelihood fit is performed to the results extracted
from the XYZ and scan data. The fit function is a coherent
sumof a P-wave phase space component (P-PHSP) [Φð

ffiffiffi
s

p
Þ]

of the process eþe− → ηJ=ψ and three Breit-Wigner ampli-
tudes (Bi¼1;2;3) for the structures observed around 4040,
4230 and 4390 MeV=c2, respectively:
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where ϕi is the relative phase of a resonance (i) to the
P-PHSP component and C0 is a free parameter. The para-
metrizations of the P-PHSP and Breit-Wigner components
are given by
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FIG. 2. Top: Cross section and fits of eþe− → ηJ=ψ for XYZ
data. Bottom: Same for the scan data. Dots with error bars are
data. The solid (blue) curves represent the fit results of the
following interfering amplitudes: ψð4040Þ (dashed red), Yð4220Þ
(short-dashed pink), Yð4390Þ (short-dashed purple), and P-PHSP
(long-dashed green).

TABLE I. Fitting results of the eþe− → ηJ=ψ decay.

Parameters Solution 1 Solution 2 Solution 3

M1ðMeV=c2Þ 4039(fixed)
Γ1ðMeVÞ 80(fixed)
Γeþe−
1 Br1 (eV) 1.5$ 0.3 1.4$ 0.3 7.0$ 0.6

ϕ1 (rad) 3.3$ 0.3 3.1$ 0.3 4.5$ 0.2

M2ðMeV=c2Þ 4218.6$ 3.8
Γ2ðMeVÞ 82.0$ 5.7
Γeþe−
2 Br2 (eV) 8.0$ 1.7 4.8$ 1.0 7.0$ 1.5

ϕ2 (rad) 4.2$ 0.4 3.6$ 0.3 2.9$ 0.3

M3ðMeV=c2Þ 4382.0$ 13.3
Γ3ðMeVÞ 135.8$ 60.8
Γeþe−
3 Br3 (eV) 3.4$ 2.2 1.5$ 1.0 1.7$ 1.1

ϕ3 (rad) 2.8$ 0.4 3.3$ 0.4 3.0$ 0.4
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The measured Born cross sections at the different c.m.
energies for both XYZ and scan data are shown in the
top and bottom panels of Fig. 2, respectively. Clear
structures are observed. The numbers used in the
calculation of the Born cross section (upper limit at
the 90% C.L.) are summarized in Tables I and II in the
Supplemental Material [30].
The following sources of systematic uncertainty are

considered in the cross section measurements. The

uncertainty of the integrated luminosity is 1% measured
by analyzing events of the Bhabha scattering process [41].
The uncertainty related with the efficiencies of leptons,
pions and photons is 1% for each particle [42,43]. The
uncertainties related to the J=ψ mass window requirement
and kinematic fit are estimated by tuning the MC sample
for the J=ψ mass resolution and the helix parameters of
charged tracks [44] according to data, and taking the
resulting changes in efficiency as the uncertainties. The
uncertainty associated with ISR correction factor is taken to
be the difference of ð1þ δÞr · ϵ between the last two
iterations in the cross section measurement. The uncertain-
ties on the branching fractions of the intermediate states are
taken from the PDG [1]. As described above, the signal
yields are extracted by performing a simultaneous fit, thus,
those uncertainties, which are correlated (i.e., luminosity,
lepton and photon efficiencies), are directly propagated to
the measured cross sections. Otherwise, we repeated the
simultaneous fits by changing the corresponding value by
$1σ, individually, and the largest changes in the results are
taken as the uncertainties. To extract the uncertainties
associated with the fit procedure, we perform alternative
fits by replacing the linear function with a second-order
polynomial function for the background, fixing the width of
the Gaussian function for the signal to be its nominal value
and, in addition, changing its uncertainty and varying the fit
range individually. The relative changes in the results are
taken as the uncertainties. The efficiencies for the other
selection criteria, the trigger simulation, the event start time
determination, and the FSR simulation, exceed 99%, and
their systematic errors are estimated to be less than 1%.
Assuming all sources of uncertainties are independent, the
total uncertainties in the ηJ=ψ cross section measurement
are determined to be 3.5%–13.7% depending on the c.m.
energy. In general, the systematical errors are much smaller
than the statistical ones. For details, we refer to Table III of
the Supplemental Material [30].
To extract the resonant parameters of the structures

observed in the measured cross sections, a simultaneous
maximum-likelihood fit is performed to the results extracted
from the XYZ and scan data. The fit function is a coherent
sumof a P-wave phase space component (P-PHSP) [Φð

ffiffiffi
s

p
Þ]

of the process eþe− → ηJ=ψ and three Breit-Wigner ampli-
tudes (Bi¼1;2;3) for the structures observed around 4040,
4230 and 4390 MeV=c2, respectively:

σBð
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where ϕi is the relative phase of a resonance (i) to the
P-PHSP component and C0 is a free parameter. The para-
metrizations of the P-PHSP and Breit-Wigner components
are given by

 (GeV)s
3.8 3.9 4 4.1 4.2 4.3 4.4 4.5 4.6

-50

0

50

100

150→ - e+
(e

B σ

0

10

20

30

40

50

60

70

80

) 
(p

b)
ψ

 J
/

η

FIG. 2. Top: Cross section and fits of eþe− → ηJ=ψ for XYZ
data. Bottom: Same for the scan data. Dots with error bars are
data. The solid (blue) curves represent the fit results of the
following interfering amplitudes: ψð4040Þ (dashed red), Yð4220Þ
(short-dashed pink), Yð4390Þ (short-dashed purple), and P-PHSP
(long-dashed green).

TABLE I. Fitting results of the eþe− → ηJ=ψ decay.

Parameters Solution 1 Solution 2 Solution 3

M1ðMeV=c2Þ 4039(fixed)
Γ1ðMeVÞ 80(fixed)
Γeþe−
1 Br1 (eV) 1.5$ 0.3 1.4$ 0.3 7.0$ 0.6

ϕ1 (rad) 3.3$ 0.3 3.1$ 0.3 4.5$ 0.2

M2ðMeV=c2Þ 4218.6$ 3.8
Γ2ðMeVÞ 82.0$ 5.7
Γeþe−
2 Br2 (eV) 8.0$ 1.7 4.8$ 1.0 7.0$ 1.5

ϕ2 (rad) 4.2$ 0.4 3.6$ 0.3 2.9$ 0.3

M3ðMeV=c2Þ 4382.0$ 13.3
Γ3ðMeVÞ 135.8$ 60.8
Γeþe−
3 Br3 (eV) 3.4$ 2.2 1.5$ 1.0 1.7$ 1.1

ϕ3 (rad) 2.8$ 0.4 3.3$ 0.4 3.0$ 0.4
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the correction factor for vacuum polarization [23], BðD0 →
K−πþÞ ¼ ð3.93% 0.04Þ% [12], and ϵ is the detection
efficiency. Values of all above variables are given in
Supplemental Material [14]. Efficiencies at

ffiffiffi
s

p
¼ 4.2263,

4.2580, 4.3583, 4.4156, and 4.5995 GeVare calculated with
MC simulated data samples [24] that are generated by the
data-driven BODY3 generator based on EVTGEN [18], taking
into account the influence of possible intermediate states
[Zcð3885Þ− in theD0D&− system [20,25] and highly excited
D states in the πþD0 or πþD&− systems]. Since the BODY3

generator requires a large selected sample obtained from
events in the signal region after subtracting the background
contribution (estimated with the events in the sideband
region for BKG2 and MC simulation from BKG1), it is
used only for the five energy points with high luminosity.
Efficiencies at the other energy points are estimated with
PHSP MC samples, with appropriate uncertainties included
later. The obtained Born cross sections, which are consistent
with and more precise than those of Belle [13], are
summarized in Supplemental Material [14].
The systematic uncertainties in the cross-section mea-

surements are listed in Table I. The uncertainty in lumi-
nosity is 1.0% at each energy point [26]. The uncertainty in
BðD0 → K−πþÞ is 1.0% [12]. The uncertainty in the ISR
correction factor is 3.0% [22]. The uncertainties associated
with the detection efficiencies include the tracking and
particle identification (PID) efficiencies (1.0% per track),
D0 and D&− mass window requirements, and signal
MC model. The uncertainties associated with the D0 and
D&− mass windows are estimated by repeating the analysis
with an altered mass window requirement; the relative
changes in the cross sections are taken as systematic
uncertainties. The uncertainties associated with the
BODY3 signal MC model consist of three parts: the choice

of binning and the BKG1 and BKG2 subtractions. The
uncertainty associated with the choice of binning is
estimated by repeating the simulation with an altered bin
size. The uncertainty associated with the BKG1 subtraction
is studied by replacing the PHSP MC sample with MC
samples of processes including the intermediate states
eþe− → D̄&

2ð2460Þ0D&0, D̄&
2ð2460Þ0 → πþD− and eþe− →

D1ð2460ÞþD−, D1ð2460Þþ → πþD&0. For the BKG2
uncertainty, we replace the sideband events with the
inclusive MC sample when subtracting the background.
The maximum relative changes on the detection efficiency
are taken as the corresponding uncertainties. The total
signal MC model uncertainty is the sum in quadrature of
these three contributions. To estimate the uncertainties
of the signal MC model for the low-luminosity data, we
estimate the detection efficiencies for the five energy points
of large luminosity with the PHSP MC samples; the
resultant largest difference with respect to the nominal
efficiencies, 5.3%, is assigned as the corresponding uncer-
tainty for the low-luminosity energy points. The uncertain-
ties associated with the signal shape, background shape,
and fit range in the signal yield extraction are determined
by changing the signal shape to the pure MC shape, by
changing the background function from a linear polynomial
function to a second-order one and by changing the fit
range, respectively. Because or limited statistics, fit results
at the energy points with low luminosity suffer large
statistical fluctuations in such refits; thus, the largest
systematic uncertainties from the five large-luminosity data
samples are adopted. Assuming no significant correlations
between sources, the total systematic uncertainty is
obtained as the sum in quadrature.
The dressed cross section, which includes vacuum

polarization effects, is shown in Fig. 2. Two enhancements
around 4.23 and 4.40 GeV, denoted hereafter as R1 and R2,
respectively, are clearly visible. A maximum likelihood fit
to the dressed cross section is performed to determine the

TABLE I. Breakdown of the systematic uncertainties (%) in the
measurements of the Born cross section, separately for the five
energy points with high-luminosity data and the other points. Part
of the systematic uncertainties is, in fact, due to the finite statistics
of the data.

ffiffiffi
s

p
(GeV) 4.2263 4.2580 4.3583 4.4156 4.5995 Other

Luminosity 1.0 1.0 1.0 1.0 1.0 1.0
BðD0 → K−πþÞ 1.0 1.0 1.0 1.0 1.0 1.0
ð1þ δÞϵ 3.0 3.0 3.0 3.0 3.0 3.0
Tracking 3.0 3.0 3.0 3.0 3.0 3.0
PID 3.0 3.0 3.0 3.0 3.0 3.0
D0 mass window 0.3 0.1 0.4 0.2 0.7 0.7
D&− mass window 0.2 0.1 0.2 0.3 0.3 0.3
Signal MC model 2.5 2.1 2.9 2.3 2.2 5.3
Signal shape 0.1 1.5 0.8 1.5 2.1 2.1
Background shape 0.4 0.2 0.2 0.1 0.1 0.4
Fit range 0.1 0.2 0.1 0.1 0.1 0.2

Sum in quadrature 6.0 6.0 6.2 6.1 6.2 8.0
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FIG. 2. Fit to the dressed cross section of eþe− → πþD0D&−,
where the black dots with error bars are the measured cross
sections and the blue line shows the fit result. The error bars are
statistical only. The pink dashed triple-dot line describes the
phase-space contribution, the green dashed double-dot line
describes the R2 contribution, and the light blue dashed line
describes the R1 contribution.
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(really , since )χc1(3872) IGJPC = 0+1++

jMðγπþπ−Þ −M0ðη0Þj > 0.02 GeV=c2 [M0ðη0Þ is the
nominal mass of the η0 [3] ], respectively.
For the search channel, the background mode π0π0J=ψ is

suppressed both by requiring Mðγ1γ2Þ to be 20 MeV=c2

away from the π0 mass and by placing the same require-
ment on the mass of γ1 or γ2 combined with the higher
energy photon from the π0 decay. Background events
from ωð782Þ decays to γπ0, including those from eþe− →
ωχcJ and γXð3872Þ → γωJ=ψ , are removed by requi-
ring Mðγ1;2π0Þ < 0.732 GeV=c2. Finally, background
events from γISRψð3686Þ are reduced by requiring the
mass recoiling against γ1 or γ2 both to be larger than
3.7 GeV=c2.
The final distributions for the reconstructed πþπ−J=ψ

mass in the normalization channel are shown in Fig. 1. In
order to improve the mass resolution, Mðπþπ−J=ψÞ is
calculated using Mðπþπ−lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ,
where M0ðJ=ψÞ is the nominal mass of the J=ψ . The
mass resolution is improved from 7.4 to 4.7 MeV=c2.

Figure 1(a) corresponds to data taken at 4.15 < Ec:m: <
4.30 GeV and shows a clear Xð3872Þ signal. The data
are fitted by a first-order polynomial representing the
background and a response function of the signal process
that has been obtained from the signal MC simulation.
All fits are performed using a binned likelihood method;
all significances are obtained by comparing the resulting
likelihoods with and without the signal component
included. Results are listed in Table I. Figure 1(b) shows
the same for the other Ec:m: samples. No Xð3872Þ signal
is seen. This pattern is consistent with the previous
measurement [12].
The corresponding distributions of Mðπ0χcJÞ for the

search channel are shown in Fig. 2. The χcJ region is first
chosen with a loose requirement on Mðγ1;2J=ψÞ≡
Mðγ1;2lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ between 3.35 and
3.60 GeV=c2. A clear signal for the Xð3872Þ is observed
for 4.15 < Ec:m: < 4.30 GeV [Fig. 2(a)]; no evidence for
the Xð3872Þ is seen at other Ec:m: [Fig. 2(b)]. The
distributions are fit with a first-order polynomial back-
ground function and a signal shape derived from the signal
MC simulation, where the relative fractions of π0χcJ with
J ¼ 0, 1, 2 are fixed by subsequent fits. There are two
entries per event corresponding to the two combinations of
γ1 and γ2; the signal MC includes a broad contribution from
events with interchanged γ1 and γ2. Using the background
samples described earlier (B1 and B2), we find no other
peaking background events. The fit in Fig. 2(a) yields
16.9þ5.2

−4.5 Xð3872Þ events with a statistical significance
of 4.8σ.
We next use theMðγ1;2J=ψÞ distribution to select the χc0,

χc1, and χc2 mass regions (Fig. 3). The photons γ1 and γ2
are separated by choosing γ2 to be the photon that mini-
mizes ΔMJ ≡ jMðγ2J=ψÞ −M0ðχcJÞj, where M0ðχcJÞ is
the nominal mass of each χcJ [3]. We require ΔM0 < 25
and ΔM1;2 < 20 MeV=c2. The resulting distributions for
Mðπ0χcJÞ with J ¼ 0, 1, 2 are shown in Fig. 4. Each
Mðπ0χcJÞ distribution is fit with a constant background
function and a signal shape derived from signal MC
simulation. The signal MC samples include events with
interchanged γ1 and γ2 as well as cross feed among the
π0χcJ channels. These effects result in an additional peak
below the Xð3872Þ signal region in the Mðπ0χc0Þ distri-
bution, but are negligible elsewhere. In the Mðπ0χc1Þ
distribution, we find a Xð3872Þ signal with a 5.2σ signifi-
cance. No significant Xð3872Þ signals are found in the
Mðπ0χc0;2Þ distributions. Numbers for events, efficiencies,
and significances are listed in Table I. The total yield of
signal events in all three channels is 15.1þ4.8

−3.8 , consistent
with the fit in Fig. 2(a).
Also shown in Table I are the final ratios B(Xð3872Þ →

π0χcJ)=B(Xð3872Þ → πþπ−J=ψ). These are calculated
from the ratios of yields of signal events, the ratios of
efficiencies (including minor effects due to ISR), and the
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FIG. 1. Distribution of πþπ−J=ψ mass,Mðπþπ−J=ψÞ, from the
normalization process eþe− → γπþπ−J=ψ for (a) 4.15 < Ec:m: <
4.30 GeV and (b) 4.00 < Ec:m: < 4.15 or 4.30 < Ec:m: <
4.60 GeV. Points are data; lines are fits (solid is the total and
dotted is the polynomial background). The darker histogram is a
MC estimate of peaking J=ψ backgrounds; the lighter stacked
histogram is an estimate of nonpeaking backgrounds using J=ψ
sidebands from data.
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jMðγπþπ−Þ −M0ðη0Þj > 0.02 GeV=c2 [M0ðη0Þ is the
nominal mass of the η0 [3] ], respectively.
For the search channel, the background mode π0π0J=ψ is

suppressed both by requiring Mðγ1γ2Þ to be 20 MeV=c2

away from the π0 mass and by placing the same require-
ment on the mass of γ1 or γ2 combined with the higher
energy photon from the π0 decay. Background events
from ωð782Þ decays to γπ0, including those from eþe− →
ωχcJ and γXð3872Þ → γωJ=ψ , are removed by requi-
ring Mðγ1;2π0Þ < 0.732 GeV=c2. Finally, background
events from γISRψð3686Þ are reduced by requiring the
mass recoiling against γ1 or γ2 both to be larger than
3.7 GeV=c2.
The final distributions for the reconstructed πþπ−J=ψ

mass in the normalization channel are shown in Fig. 1. In
order to improve the mass resolution, Mðπþπ−J=ψÞ is
calculated using Mðπþπ−lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ,
where M0ðJ=ψÞ is the nominal mass of the J=ψ . The
mass resolution is improved from 7.4 to 4.7 MeV=c2.

Figure 1(a) corresponds to data taken at 4.15 < Ec:m: <
4.30 GeV and shows a clear Xð3872Þ signal. The data
are fitted by a first-order polynomial representing the
background and a response function of the signal process
that has been obtained from the signal MC simulation.
All fits are performed using a binned likelihood method;
all significances are obtained by comparing the resulting
likelihoods with and without the signal component
included. Results are listed in Table I. Figure 1(b) shows
the same for the other Ec:m: samples. No Xð3872Þ signal
is seen. This pattern is consistent with the previous
measurement [12].
The corresponding distributions of Mðπ0χcJÞ for the

search channel are shown in Fig. 2. The χcJ region is first
chosen with a loose requirement on Mðγ1;2J=ψÞ≡
Mðγ1;2lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ between 3.35 and
3.60 GeV=c2. A clear signal for the Xð3872Þ is observed
for 4.15 < Ec:m: < 4.30 GeV [Fig. 2(a)]; no evidence for
the Xð3872Þ is seen at other Ec:m: [Fig. 2(b)]. The
distributions are fit with a first-order polynomial back-
ground function and a signal shape derived from the signal
MC simulation, where the relative fractions of π0χcJ with
J ¼ 0, 1, 2 are fixed by subsequent fits. There are two
entries per event corresponding to the two combinations of
γ1 and γ2; the signal MC includes a broad contribution from
events with interchanged γ1 and γ2. Using the background
samples described earlier (B1 and B2), we find no other
peaking background events. The fit in Fig. 2(a) yields
16.9þ5.2

−4.5 Xð3872Þ events with a statistical significance
of 4.8σ.
We next use theMðγ1;2J=ψÞ distribution to select the χc0,

χc1, and χc2 mass regions (Fig. 3). The photons γ1 and γ2
are separated by choosing γ2 to be the photon that mini-
mizes ΔMJ ≡ jMðγ2J=ψÞ −M0ðχcJÞj, where M0ðχcJÞ is
the nominal mass of each χcJ [3]. We require ΔM0 < 25
and ΔM1;2 < 20 MeV=c2. The resulting distributions for
Mðπ0χcJÞ with J ¼ 0, 1, 2 are shown in Fig. 4. Each
Mðπ0χcJÞ distribution is fit with a constant background
function and a signal shape derived from signal MC
simulation. The signal MC samples include events with
interchanged γ1 and γ2 as well as cross feed among the
π0χcJ channels. These effects result in an additional peak
below the Xð3872Þ signal region in the Mðπ0χc0Þ distri-
bution, but are negligible elsewhere. In the Mðπ0χc1Þ
distribution, we find a Xð3872Þ signal with a 5.2σ signifi-
cance. No significant Xð3872Þ signals are found in the
Mðπ0χc0;2Þ distributions. Numbers for events, efficiencies,
and significances are listed in Table I. The total yield of
signal events in all three channels is 15.1þ4.8

−3.8 , consistent
with the fit in Fig. 2(a).
Also shown in Table I are the final ratios B(Xð3872Þ →

π0χcJ)=B(Xð3872Þ → πþπ−J=ψ). These are calculated
from the ratios of yields of signal events, the ratios of
efficiencies (including minor effects due to ISR), and the
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FIG. 1. Distribution of πþπ−J=ψ mass,Mðπþπ−J=ψÞ, from the
normalization process eþe− → γπþπ−J=ψ for (a) 4.15 < Ec:m: <
4.30 GeV and (b) 4.00 < Ec:m: < 4.15 or 4.30 < Ec:m: <
4.60 GeV. Points are data; lines are fits (solid is the total and
dotted is the polynomial background). The darker histogram is a
MC estimate of peaking J=ψ backgrounds; the lighter stacked
histogram is an estimate of nonpeaking backgrounds using J=ψ
sidebands from data.
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significance between these two fit scenarios, and find they
only differ by 2.5σ.
The production cross section of eþe− → γXð3872Þ

times the branching fraction B½Xð3872Þ → ωJ=ψ % at each
c.m. energy is calculated as σB½Xð3872Þ → ωJ=ψ % ¼
½Nsig=Lϵð1þ δÞB%, where Nsig is the number of Xð3872Þ
signal events, L is the integrated luminosity, ϵ is the
detection efficiency, B is the product of branching fractions
for J=ψ → lþl− and ω → πþπ−π0ðπ0 → γγÞ, and 1þ δ is
the ISR radiative correction factor, which is calculated
using the KKMC program [28]. The ISR photon energy
distribution is obtained by an iterative procedure using the
line shape σ½eþe− → γXð3872Þ% measured in this study to
replace the default one of KKMC. The left panel of Fig. 3
shows the measured σB½Xð3872Þ → ωJ=ψ %. Using the
same analysis method as described in Ref. [6] and the
radiative correction factor in this study, σB½Xð3872Þ →
πþπ−J=ψ % is measured as well. Our result agrees with and
supersedes the earlier published BESIII measurement [6],
as shown in the right panel of Fig. 3. All the numerical
results can be found in the Supplemental Material [24].
A simultaneous maximum-likelihood fit is performed to

both the σB½Xð3872Þ → ωJ=ψ % and the σB½Xð3872Þ →
πþπ−J=ψ % distributions. We use a single BW resonance,
denoted as Yð4200Þ, with free mass and width as PDF. A
free parameter R ¼ fB½Xð3872Þ → ωJ=ψ %=B½Xð3872Þ →
πþπ−J=ψ %g is used to describe the relative decay rate
of Xð3872Þ → ωJ=ψ and πþπ−J=ψ , which is common
for every c.m. energy. The fit gives M½Yð4200Þ% ¼
4200.6þ7.9

−13.3 MeV=c2, Γ½Yð4200Þ% ¼ 115þ38
−26 MeV,

Γee · B½Yð4200Þ → γXð3872Þ%B½Xð3872Þ → πþπ−J=ψ % ¼
ð4.5þ1.1

−0.8Þ × 10−2 eV and R ¼ 1.6þ0.4
−0.3 , where Γee is the

electronic partial width of the Yð4200Þ. Here, all the
uncertainties are statistical only.
The systematic uncertainty for Xð3872Þ, Xð3915Þ, and

Xð3960Þ mass and width measurements come from the
uncertainties in the absolute mass scale, background, and
resolution effects. The eþe− → γISRψð3686Þ → γISRηJ=ψ
events with the same event selection (except the ω mass

window is replaced by the η mass window) are used as a
control sample to calibrate the mass scale. The measured
ψð3686Þ mass is 3685.4' 0.4 MeV=c2, and the difference
to the ψð3686Þ world average mass is 0.8 MeV=c2.
Backgrounds are varied from a linear shape to a second-
order polynomial or by '1σ for the linear component, and
varied by '1σ for the ωχc0 component in the fit. The
differences in the mass and width measurements with
respect to the nominal results are taken as a systematic
uncertainty. The systematic uncertainty of resolution is
estimated by varying the Gaussian parameters of the
resolution response function by '1σ in the signal PDF.
In both fit scenarios [with and without the Xð3960Þ], the
Xð3872Þ mass difference 0.5 MeV=c2 is taken as a
systematic uncertainty due to the fit model. All these
contributions are summarized in Table II, and the total
uncertainty is calculated by adding the independent con-
tributions in quadrature.
The systematic uncertainty for the eþe− → γXð3872Þ

cross section measurement mainly comes from uncertain-
ties in the luminosity measurements, detection efficiency,
signal extraction, radiative correction, and branching frac-
tions. The integrated luminosities of each data set are
measured with large-angle Bhabha scattering events, with
an uncertainty of 1.0% [32]. The tracking efficiency is
estimated to be 1% per track from a study of the control
sample J=ψ → pp̄πþπ−. The uncertainty due to the photon
reconstruction is studied using the J=ψ → πþπ−π0 events,
and is found to be 1% for the radiative photon [33]. An
additional systematic uncertainty of 1% is assigned to the
efficiency of π0 reconstruction by studying ψð3686Þ →
π0π0J=ψ and eþe− → ωπ0 events. In our event selection, a
5C kinematic fit is used, and the systematic uncertainty
related to the kinematic fit is estimated to be 0.8% by using
a helix correction method as discussed in Ref. [34].
The number of Xð3872Þ signal events is extracted by

fitting the MðωJ=ψÞ distribution, and the difference
between the two fit scenarios is 9.5%. The Xð3872Þ
intrinsic width is fixed to 1.2 MeV in the signal PDF.
Varying the width from 50 keV to 1.2 MeV results in a 5%
difference for the Xð3872Þ signal yield. The systematic
uncertainty of the ωχc0 background is estimated by varying

FIG. 3. The measured cross section of σ½eþe− → γXð3872Þ%
times the branching fraction of Xð3872Þ → ωJ=ψ (left) and
πþπ−J=ψ (right), and a simultaneous fit to data with a single
BW resonance. Dots with error bars are data, the open triangles
are an early measurement reported in Ref. [6], and the red curves
show the fit results.

TABLE II. Summary of the systematic uncertainties for
Xð3872Þ=Xð3915Þ=Xð3960Þ mass and width measurements.
The numbers in the brackets correspond to the fit scenario with
only the Xð3872Þ and Xð3915Þ as signal PDF.

Source Mass (MeV=c2) Width (MeV)

Absolute mass scale 0.8=0.8 ð0.8Þ=0.8 ( ( (/( ( (/( ( (
Background shape 0.3=0.4 ð4.5Þ=0.5 ( ( (/2.5 ð3.6Þ=8.3
Resolution 0.0=0.8 ð0.7Þ=0.8 ( ( (/0.7 ð0.3Þ=0.1
Fit model 0.5/( ( (/( ( ( ( ( (/( ( (/( ( (
Total 1.0=1.2 ð4.7Þ=1.3 ( ( (/2.6 ð3.7Þ=8.3
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jMðγπþπ−Þ −M0ðη0Þj > 0.02 GeV=c2 [M0ðη0Þ is the
nominal mass of the η0 [3] ], respectively.
For the search channel, the background mode π0π0J=ψ is

suppressed both by requiring Mðγ1γ2Þ to be 20 MeV=c2

away from the π0 mass and by placing the same require-
ment on the mass of γ1 or γ2 combined with the higher
energy photon from the π0 decay. Background events
from ωð782Þ decays to γπ0, including those from eþe− →
ωχcJ and γXð3872Þ → γωJ=ψ , are removed by requi-
ring Mðγ1;2π0Þ < 0.732 GeV=c2. Finally, background
events from γISRψð3686Þ are reduced by requiring the
mass recoiling against γ1 or γ2 both to be larger than
3.7 GeV=c2.
The final distributions for the reconstructed πþπ−J=ψ

mass in the normalization channel are shown in Fig. 1. In
order to improve the mass resolution, Mðπþπ−J=ψÞ is
calculated using Mðπþπ−lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ,
where M0ðJ=ψÞ is the nominal mass of the J=ψ . The
mass resolution is improved from 7.4 to 4.7 MeV=c2.

Figure 1(a) corresponds to data taken at 4.15 < Ec:m: <
4.30 GeV and shows a clear Xð3872Þ signal. The data
are fitted by a first-order polynomial representing the
background and a response function of the signal process
that has been obtained from the signal MC simulation.
All fits are performed using a binned likelihood method;
all significances are obtained by comparing the resulting
likelihoods with and without the signal component
included. Results are listed in Table I. Figure 1(b) shows
the same for the other Ec:m: samples. No Xð3872Þ signal
is seen. This pattern is consistent with the previous
measurement [12].
The corresponding distributions of Mðπ0χcJÞ for the

search channel are shown in Fig. 2. The χcJ region is first
chosen with a loose requirement on Mðγ1;2J=ψÞ≡
Mðγ1;2lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ between 3.35 and
3.60 GeV=c2. A clear signal for the Xð3872Þ is observed
for 4.15 < Ec:m: < 4.30 GeV [Fig. 2(a)]; no evidence for
the Xð3872Þ is seen at other Ec:m: [Fig. 2(b)]. The
distributions are fit with a first-order polynomial back-
ground function and a signal shape derived from the signal
MC simulation, where the relative fractions of π0χcJ with
J ¼ 0, 1, 2 are fixed by subsequent fits. There are two
entries per event corresponding to the two combinations of
γ1 and γ2; the signal MC includes a broad contribution from
events with interchanged γ1 and γ2. Using the background
samples described earlier (B1 and B2), we find no other
peaking background events. The fit in Fig. 2(a) yields
16.9þ5.2

−4.5 Xð3872Þ events with a statistical significance
of 4.8σ.
We next use theMðγ1;2J=ψÞ distribution to select the χc0,

χc1, and χc2 mass regions (Fig. 3). The photons γ1 and γ2
are separated by choosing γ2 to be the photon that mini-
mizes ΔMJ ≡ jMðγ2J=ψÞ −M0ðχcJÞj, where M0ðχcJÞ is
the nominal mass of each χcJ [3]. We require ΔM0 < 25
and ΔM1;2 < 20 MeV=c2. The resulting distributions for
Mðπ0χcJÞ with J ¼ 0, 1, 2 are shown in Fig. 4. Each
Mðπ0χcJÞ distribution is fit with a constant background
function and a signal shape derived from signal MC
simulation. The signal MC samples include events with
interchanged γ1 and γ2 as well as cross feed among the
π0χcJ channels. These effects result in an additional peak
below the Xð3872Þ signal region in the Mðπ0χc0Þ distri-
bution, but are negligible elsewhere. In the Mðπ0χc1Þ
distribution, we find a Xð3872Þ signal with a 5.2σ signifi-
cance. No significant Xð3872Þ signals are found in the
Mðπ0χc0;2Þ distributions. Numbers for events, efficiencies,
and significances are listed in Table I. The total yield of
signal events in all three channels is 15.1þ4.8

−3.8 , consistent
with the fit in Fig. 2(a).
Also shown in Table I are the final ratios B(Xð3872Þ →

π0χcJ)=B(Xð3872Þ → πþπ−J=ψ). These are calculated
from the ratios of yields of signal events, the ratios of
efficiencies (including minor effects due to ISR), and the
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FIG. 1. Distribution of πþπ−J=ψ mass,Mðπþπ−J=ψÞ, from the
normalization process eþe− → γπþπ−J=ψ for (a) 4.15 < Ec:m: <
4.30 GeV and (b) 4.00 < Ec:m: < 4.15 or 4.30 < Ec:m: <
4.60 GeV. Points are data; lines are fits (solid is the total and
dotted is the polynomial background). The darker histogram is a
MC estimate of peaking J=ψ backgrounds; the lighter stacked
histogram is an estimate of nonpeaking backgrounds using J=ψ
sidebands from data.
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significance between these two fit scenarios, and find they
only differ by 2.5σ.
The production cross section of eþe− → γXð3872Þ

times the branching fraction B½Xð3872Þ → ωJ=ψ % at each
c.m. energy is calculated as σB½Xð3872Þ → ωJ=ψ % ¼
½Nsig=Lϵð1þ δÞB%, where Nsig is the number of Xð3872Þ
signal events, L is the integrated luminosity, ϵ is the
detection efficiency, B is the product of branching fractions
for J=ψ → lþl− and ω → πþπ−π0ðπ0 → γγÞ, and 1þ δ is
the ISR radiative correction factor, which is calculated
using the KKMC program [28]. The ISR photon energy
distribution is obtained by an iterative procedure using the
line shape σ½eþe− → γXð3872Þ% measured in this study to
replace the default one of KKMC. The left panel of Fig. 3
shows the measured σB½Xð3872Þ → ωJ=ψ %. Using the
same analysis method as described in Ref. [6] and the
radiative correction factor in this study, σB½Xð3872Þ →
πþπ−J=ψ % is measured as well. Our result agrees with and
supersedes the earlier published BESIII measurement [6],
as shown in the right panel of Fig. 3. All the numerical
results can be found in the Supplemental Material [24].
A simultaneous maximum-likelihood fit is performed to

both the σB½Xð3872Þ → ωJ=ψ % and the σB½Xð3872Þ →
πþπ−J=ψ % distributions. We use a single BW resonance,
denoted as Yð4200Þ, with free mass and width as PDF. A
free parameter R ¼ fB½Xð3872Þ → ωJ=ψ %=B½Xð3872Þ →
πþπ−J=ψ %g is used to describe the relative decay rate
of Xð3872Þ → ωJ=ψ and πþπ−J=ψ , which is common
for every c.m. energy. The fit gives M½Yð4200Þ% ¼
4200.6þ7.9

−13.3 MeV=c2, Γ½Yð4200Þ% ¼ 115þ38
−26 MeV,

Γee · B½Yð4200Þ → γXð3872Þ%B½Xð3872Þ → πþπ−J=ψ % ¼
ð4.5þ1.1

−0.8Þ × 10−2 eV and R ¼ 1.6þ0.4
−0.3 , where Γee is the

electronic partial width of the Yð4200Þ. Here, all the
uncertainties are statistical only.
The systematic uncertainty for Xð3872Þ, Xð3915Þ, and

Xð3960Þ mass and width measurements come from the
uncertainties in the absolute mass scale, background, and
resolution effects. The eþe− → γISRψð3686Þ → γISRηJ=ψ
events with the same event selection (except the ω mass

window is replaced by the η mass window) are used as a
control sample to calibrate the mass scale. The measured
ψð3686Þ mass is 3685.4' 0.4 MeV=c2, and the difference
to the ψð3686Þ world average mass is 0.8 MeV=c2.
Backgrounds are varied from a linear shape to a second-
order polynomial or by '1σ for the linear component, and
varied by '1σ for the ωχc0 component in the fit. The
differences in the mass and width measurements with
respect to the nominal results are taken as a systematic
uncertainty. The systematic uncertainty of resolution is
estimated by varying the Gaussian parameters of the
resolution response function by '1σ in the signal PDF.
In both fit scenarios [with and without the Xð3960Þ], the
Xð3872Þ mass difference 0.5 MeV=c2 is taken as a
systematic uncertainty due to the fit model. All these
contributions are summarized in Table II, and the total
uncertainty is calculated by adding the independent con-
tributions in quadrature.
The systematic uncertainty for the eþe− → γXð3872Þ

cross section measurement mainly comes from uncertain-
ties in the luminosity measurements, detection efficiency,
signal extraction, radiative correction, and branching frac-
tions. The integrated luminosities of each data set are
measured with large-angle Bhabha scattering events, with
an uncertainty of 1.0% [32]. The tracking efficiency is
estimated to be 1% per track from a study of the control
sample J=ψ → pp̄πþπ−. The uncertainty due to the photon
reconstruction is studied using the J=ψ → πþπ−π0 events,
and is found to be 1% for the radiative photon [33]. An
additional systematic uncertainty of 1% is assigned to the
efficiency of π0 reconstruction by studying ψð3686Þ →
π0π0J=ψ and eþe− → ωπ0 events. In our event selection, a
5C kinematic fit is used, and the systematic uncertainty
related to the kinematic fit is estimated to be 0.8% by using
a helix correction method as discussed in Ref. [34].
The number of Xð3872Þ signal events is extracted by

fitting the MðωJ=ψÞ distribution, and the difference
between the two fit scenarios is 9.5%. The Xð3872Þ
intrinsic width is fixed to 1.2 MeV in the signal PDF.
Varying the width from 50 keV to 1.2 MeV results in a 5%
difference for the Xð3872Þ signal yield. The systematic
uncertainty of the ωχc0 background is estimated by varying

FIG. 3. The measured cross section of σ½eþe− → γXð3872Þ%
times the branching fraction of Xð3872Þ → ωJ=ψ (left) and
πþπ−J=ψ (right), and a simultaneous fit to data with a single
BW resonance. Dots with error bars are data, the open triangles
are an early measurement reported in Ref. [6], and the red curves
show the fit results.

TABLE II. Summary of the systematic uncertainties for
Xð3872Þ=Xð3915Þ=Xð3960Þ mass and width measurements.
The numbers in the brackets correspond to the fit scenario with
only the Xð3872Þ and Xð3915Þ as signal PDF.

Source Mass (MeV=c2) Width (MeV)

Absolute mass scale 0.8=0.8 ð0.8Þ=0.8 ( ( (/( ( (/( ( (
Background shape 0.3=0.4 ð4.5Þ=0.5 ( ( (/2.5 ð3.6Þ=8.3
Resolution 0.0=0.8 ð0.7Þ=0.8 ( ( (/0.7 ð0.3Þ=0.1
Fit model 0.5/( ( (/( ( ( ( ( (/( ( (/( ( (
Total 1.0=1.2 ð4.7Þ=1.3 ( ( (/2.6 ð3.7Þ=8.3
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The difference between the mass of Xð3872Þ and J=ψ
[18] is about 775 MeV=c2, which is slightly lower than
the world average mass of the ω. A consequence is an
asymmetric Mðπþπ−π0Þ distribution around the ω reso-
nance, as can be seen in the right panel of Fig. 1. To
accommodate for this effect, the ω mass window is defined
as 0.72 < Mðπþπ−π0Þ < 0.81 GeV=c2, and its mass side-
band as 0.61 < Mðπþπ−π0Þ < 0.70 GeV=c2 or 0.83<
Mðπþπ−π0Þ<0.92GeV=c2. We fitted both the Mðlþl−Þ
and Mðπþπ−π0Þ distributions, and normalized the data of
the sidebands according to the fit results.
Figure 2 shows the MðωJ=ψÞ [30] distribution from

the full data set. A signal peak consistent with the
Xð3872Þ resonance is observed. In addition, there are
evident structures above 3.9 GeV=c2. There are irreducible
eþe− → ωχc0 background events that produce a broad
structure in the MðωJ=ψÞ distribution. Such kind of

background is well understood and can be reproduced
by the MC simulation at BESIII [31]. Other possible
backgrounds come from continuum events, such as
eþe− → γωπþπ−, γπþπ−π0J=ψ , γπþπ−π0πþπ− etc. They
are estimated by analyzing the J=ψ and ω mass side-
bands data.
An unbinned maximum-likelihood fit is performed to the

MðωJ=ψÞ mass distribution. In the fit, we use as the signal
probability density function (PDF) the incoherent sum of
three Breit-Wigner (BW) resonances [denoted as Xð3872Þ,
Xð3915Þ, and Xð3960Þ, respectively], each convolved with
a Gaussian resolution function. The Xð3872Þwidth is set to
1.2 MeV [18]. The shape and yield of the eþe− → ωχc0
background component are fixed to the results of the MC
simulation. Contribution from other backgrounds is para-
meterized as a linear shape. The upper panel of Fig. 2
shows the fit results (numerical results are listed in Table I),
and the extracted Xð3872Þ mass agrees with its world
average value within errors. The obtained Xð3872Þ signal
events yield is Nsig ¼ 45% 9% 3. The statistical signifi-
cance of the Xð3872Þ resonance is estimated to be 5.7σ by
comparing the likelihood difference with or without the
Xð3872Þ in the fit, Δð−2 lnLÞ ¼ 40.8, and by taking the
change of ndf (Δndf ¼ 3) into account. Possible systematic
effects on the Xð3872Þ signal significance, including
background shape, ωχc0 background normalization,
Xð3872Þ intrinsic width and mass resolution are inves-
tigated, and no sign for a decreased Xð3872Þ significance is
observed. The statistical significance of Xð3915Þ and
Xð3960Þ are estimated to be 3.1σ and 3.4σ only.
As an alternative choice, we fit the MðωJ=ψÞ mass

distribution only with the Xð3872Þ and Xð3915Þ resonan-
ces as signal PDF. The eþe− → ωχc0 background is
handled in the same way as before. The contribution from
other backgrounds is parametrized as a linear function and
has been fixed as the result of fitting it to the data of the
J=ψ - and ω-mass sidebands. The bottom panel of Fig. 2
shows the fit results (c.f. Table I), and the number of fitted
Xð3872Þ signal events is Nsig ¼ 40% 8% 3. The statistical
significance of Xð3872Þ is estimated to be 5.2σ, and found
to be larger than 5.1σ after considering systematic effects
from ωχc0 and linear background normalization, Xð3872Þ
intrinsic width and mass resolution. The statistical signifi-
cance of Xð3915Þ is estimated to be 6.9σ. We test the
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maximum-likelihood fit to data including three BW resonances
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FIG. 1. The Mðlþl−Þ and Mðπþπ−π0Þ distributions from the
full data sets.

TABLE I. The masses (in MeV=c2) and widths (in MeV) of
the Xð3872Þ, Xð3915Þ, and Xð3960Þ resonances from the fit. The
numbers in brackets represent the fit scenario without the
Xð3960Þ. The uncertainties are statistical only.

Mass Width

Xð3872Þ 3873.3% 1.1ð3872.8% 1.2Þ 1.2(1.2)
Xð3915Þ 3926.4% 2.2 ð3932.6% 8.7Þ 3.8% 7.5 ð59.7% 15.5Þ
Xð3960Þ 3963.7% 5.5 33.3% 34.2

PHYSICAL REVIEW LETTERS 122, 232002 (2019)

232002-5

e+e− → γ(ωJ/ψ)
PRL 122, 232002 (2019)X(3872)



XYZ at BESIII:  (2) Access the X with  e+e− → Y → γX(3872)

21

(really , since )χc1(3872) IGJPC = 0+1++

jMðγπþπ−Þ −M0ðη0Þj > 0.02 GeV=c2 [M0ðη0Þ is the
nominal mass of the η0 [3] ], respectively.
For the search channel, the background mode π0π0J=ψ is

suppressed both by requiring Mðγ1γ2Þ to be 20 MeV=c2

away from the π0 mass and by placing the same require-
ment on the mass of γ1 or γ2 combined with the higher
energy photon from the π0 decay. Background events
from ωð782Þ decays to γπ0, including those from eþe− →
ωχcJ and γXð3872Þ → γωJ=ψ , are removed by requi-
ring Mðγ1;2π0Þ < 0.732 GeV=c2. Finally, background
events from γISRψð3686Þ are reduced by requiring the
mass recoiling against γ1 or γ2 both to be larger than
3.7 GeV=c2.
The final distributions for the reconstructed πþπ−J=ψ

mass in the normalization channel are shown in Fig. 1. In
order to improve the mass resolution, Mðπþπ−J=ψÞ is
calculated using Mðπþπ−lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ,
where M0ðJ=ψÞ is the nominal mass of the J=ψ . The
mass resolution is improved from 7.4 to 4.7 MeV=c2.

Figure 1(a) corresponds to data taken at 4.15 < Ec:m: <
4.30 GeV and shows a clear Xð3872Þ signal. The data
are fitted by a first-order polynomial representing the
background and a response function of the signal process
that has been obtained from the signal MC simulation.
All fits are performed using a binned likelihood method;
all significances are obtained by comparing the resulting
likelihoods with and without the signal component
included. Results are listed in Table I. Figure 1(b) shows
the same for the other Ec:m: samples. No Xð3872Þ signal
is seen. This pattern is consistent with the previous
measurement [12].
The corresponding distributions of Mðπ0χcJÞ for the

search channel are shown in Fig. 2. The χcJ region is first
chosen with a loose requirement on Mðγ1;2J=ψÞ≡
Mðγ1;2lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ between 3.35 and
3.60 GeV=c2. A clear signal for the Xð3872Þ is observed
for 4.15 < Ec:m: < 4.30 GeV [Fig. 2(a)]; no evidence for
the Xð3872Þ is seen at other Ec:m: [Fig. 2(b)]. The
distributions are fit with a first-order polynomial back-
ground function and a signal shape derived from the signal
MC simulation, where the relative fractions of π0χcJ with
J ¼ 0, 1, 2 are fixed by subsequent fits. There are two
entries per event corresponding to the two combinations of
γ1 and γ2; the signal MC includes a broad contribution from
events with interchanged γ1 and γ2. Using the background
samples described earlier (B1 and B2), we find no other
peaking background events. The fit in Fig. 2(a) yields
16.9þ5.2

−4.5 Xð3872Þ events with a statistical significance
of 4.8σ.
We next use theMðγ1;2J=ψÞ distribution to select the χc0,

χc1, and χc2 mass regions (Fig. 3). The photons γ1 and γ2
are separated by choosing γ2 to be the photon that mini-
mizes ΔMJ ≡ jMðγ2J=ψÞ −M0ðχcJÞj, where M0ðχcJÞ is
the nominal mass of each χcJ [3]. We require ΔM0 < 25
and ΔM1;2 < 20 MeV=c2. The resulting distributions for
Mðπ0χcJÞ with J ¼ 0, 1, 2 are shown in Fig. 4. Each
Mðπ0χcJÞ distribution is fit with a constant background
function and a signal shape derived from signal MC
simulation. The signal MC samples include events with
interchanged γ1 and γ2 as well as cross feed among the
π0χcJ channels. These effects result in an additional peak
below the Xð3872Þ signal region in the Mðπ0χc0Þ distri-
bution, but are negligible elsewhere. In the Mðπ0χc1Þ
distribution, we find a Xð3872Þ signal with a 5.2σ signifi-
cance. No significant Xð3872Þ signals are found in the
Mðπ0χc0;2Þ distributions. Numbers for events, efficiencies,
and significances are listed in Table I. The total yield of
signal events in all three channels is 15.1þ4.8

−3.8 , consistent
with the fit in Fig. 2(a).
Also shown in Table I are the final ratios B(Xð3872Þ →

π0χcJ)=B(Xð3872Þ → πþπ−J=ψ). These are calculated
from the ratios of yields of signal events, the ratios of
efficiencies (including minor effects due to ISR), and the

0

10

20

30

40

50

60

70

2
E

ve
nt

s 
/ 5

 M
eV

/c

ψ J/-π+πγ→-e+e

 < 4.30 GeV
CM

(a)  4.15 < E

3.75 3.80 3.85 3.90 3.95 4.00

]2)   [GeV/cψJ/-π+πM(

0

1

2

3

4

5

6

2
E

ve
nt

s 
/ 5

 M
eV

/c

 < 4.60 GeV
CM

 < 4.15, 4.30 < E
CM

(b)  4.00 < E

FIG. 1. Distribution of πþπ−J=ψ mass,Mðπþπ−J=ψÞ, from the
normalization process eþe− → γπþπ−J=ψ for (a) 4.15 < Ec:m: <
4.30 GeV and (b) 4.00 < Ec:m: < 4.15 or 4.30 < Ec:m: <
4.60 GeV. Points are data; lines are fits (solid is the total and
dotted is the polynomial background). The darker histogram is a
MC estimate of peaking J=ψ backgrounds; the lighter stacked
histogram is an estimate of nonpeaking backgrounds using J=ψ
sidebands from data.

PHYSICAL REVIEW LETTERS 122, 202001 (2019)

202001-5

e+e− → γX(3872) → γ(π+π−J/ψ)

PRL 122, 202001 (2019)

X(3872)

significance between these two fit scenarios, and find they
only differ by 2.5σ.
The production cross section of eþe− → γXð3872Þ

times the branching fraction B½Xð3872Þ → ωJ=ψ % at each
c.m. energy is calculated as σB½Xð3872Þ → ωJ=ψ % ¼
½Nsig=Lϵð1þ δÞB%, where Nsig is the number of Xð3872Þ
signal events, L is the integrated luminosity, ϵ is the
detection efficiency, B is the product of branching fractions
for J=ψ → lþl− and ω → πþπ−π0ðπ0 → γγÞ, and 1þ δ is
the ISR radiative correction factor, which is calculated
using the KKMC program [28]. The ISR photon energy
distribution is obtained by an iterative procedure using the
line shape σ½eþe− → γXð3872Þ% measured in this study to
replace the default one of KKMC. The left panel of Fig. 3
shows the measured σB½Xð3872Þ → ωJ=ψ %. Using the
same analysis method as described in Ref. [6] and the
radiative correction factor in this study, σB½Xð3872Þ →
πþπ−J=ψ % is measured as well. Our result agrees with and
supersedes the earlier published BESIII measurement [6],
as shown in the right panel of Fig. 3. All the numerical
results can be found in the Supplemental Material [24].
A simultaneous maximum-likelihood fit is performed to

both the σB½Xð3872Þ → ωJ=ψ % and the σB½Xð3872Þ →
πþπ−J=ψ % distributions. We use a single BW resonance,
denoted as Yð4200Þ, with free mass and width as PDF. A
free parameter R ¼ fB½Xð3872Þ → ωJ=ψ %=B½Xð3872Þ →
πþπ−J=ψ %g is used to describe the relative decay rate
of Xð3872Þ → ωJ=ψ and πþπ−J=ψ , which is common
for every c.m. energy. The fit gives M½Yð4200Þ% ¼
4200.6þ7.9

−13.3 MeV=c2, Γ½Yð4200Þ% ¼ 115þ38
−26 MeV,

Γee · B½Yð4200Þ → γXð3872Þ%B½Xð3872Þ → πþπ−J=ψ % ¼
ð4.5þ1.1

−0.8Þ × 10−2 eV and R ¼ 1.6þ0.4
−0.3 , where Γee is the

electronic partial width of the Yð4200Þ. Here, all the
uncertainties are statistical only.
The systematic uncertainty for Xð3872Þ, Xð3915Þ, and

Xð3960Þ mass and width measurements come from the
uncertainties in the absolute mass scale, background, and
resolution effects. The eþe− → γISRψð3686Þ → γISRηJ=ψ
events with the same event selection (except the ω mass

window is replaced by the η mass window) are used as a
control sample to calibrate the mass scale. The measured
ψð3686Þ mass is 3685.4' 0.4 MeV=c2, and the difference
to the ψð3686Þ world average mass is 0.8 MeV=c2.
Backgrounds are varied from a linear shape to a second-
order polynomial or by '1σ for the linear component, and
varied by '1σ for the ωχc0 component in the fit. The
differences in the mass and width measurements with
respect to the nominal results are taken as a systematic
uncertainty. The systematic uncertainty of resolution is
estimated by varying the Gaussian parameters of the
resolution response function by '1σ in the signal PDF.
In both fit scenarios [with and without the Xð3960Þ], the
Xð3872Þ mass difference 0.5 MeV=c2 is taken as a
systematic uncertainty due to the fit model. All these
contributions are summarized in Table II, and the total
uncertainty is calculated by adding the independent con-
tributions in quadrature.
The systematic uncertainty for the eþe− → γXð3872Þ

cross section measurement mainly comes from uncertain-
ties in the luminosity measurements, detection efficiency,
signal extraction, radiative correction, and branching frac-
tions. The integrated luminosities of each data set are
measured with large-angle Bhabha scattering events, with
an uncertainty of 1.0% [32]. The tracking efficiency is
estimated to be 1% per track from a study of the control
sample J=ψ → pp̄πþπ−. The uncertainty due to the photon
reconstruction is studied using the J=ψ → πþπ−π0 events,
and is found to be 1% for the radiative photon [33]. An
additional systematic uncertainty of 1% is assigned to the
efficiency of π0 reconstruction by studying ψð3686Þ →
π0π0J=ψ and eþe− → ωπ0 events. In our event selection, a
5C kinematic fit is used, and the systematic uncertainty
related to the kinematic fit is estimated to be 0.8% by using
a helix correction method as discussed in Ref. [34].
The number of Xð3872Þ signal events is extracted by

fitting the MðωJ=ψÞ distribution, and the difference
between the two fit scenarios is 9.5%. The Xð3872Þ
intrinsic width is fixed to 1.2 MeV in the signal PDF.
Varying the width from 50 keV to 1.2 MeV results in a 5%
difference for the Xð3872Þ signal yield. The systematic
uncertainty of the ωχc0 background is estimated by varying

FIG. 3. The measured cross section of σ½eþe− → γXð3872Þ%
times the branching fraction of Xð3872Þ → ωJ=ψ (left) and
πþπ−J=ψ (right), and a simultaneous fit to data with a single
BW resonance. Dots with error bars are data, the open triangles
are an early measurement reported in Ref. [6], and the red curves
show the fit results.

TABLE II. Summary of the systematic uncertainties for
Xð3872Þ=Xð3915Þ=Xð3960Þ mass and width measurements.
The numbers in the brackets correspond to the fit scenario with
only the Xð3872Þ and Xð3915Þ as signal PDF.

Source Mass (MeV=c2) Width (MeV)

Absolute mass scale 0.8=0.8 ð0.8Þ=0.8 ( ( (/( ( (/( ( (
Background shape 0.3=0.4 ð4.5Þ=0.5 ( ( (/2.5 ð3.6Þ=8.3
Resolution 0.0=0.8 ð0.7Þ=0.8 ( ( (/0.7 ð0.3Þ=0.1
Fit model 0.5/( ( (/( ( ( ( ( (/( ( (/( ( (
Total 1.0=1.2 ð4.7Þ=1.3 ( ( (/2.6 ð3.7Þ=8.3
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The difference between the mass of Xð3872Þ and J=ψ
[18] is about 775 MeV=c2, which is slightly lower than
the world average mass of the ω. A consequence is an
asymmetric Mðπþπ−π0Þ distribution around the ω reso-
nance, as can be seen in the right panel of Fig. 1. To
accommodate for this effect, the ω mass window is defined
as 0.72 < Mðπþπ−π0Þ < 0.81 GeV=c2, and its mass side-
band as 0.61 < Mðπþπ−π0Þ < 0.70 GeV=c2 or 0.83<
Mðπþπ−π0Þ<0.92GeV=c2. We fitted both the Mðlþl−Þ
and Mðπþπ−π0Þ distributions, and normalized the data of
the sidebands according to the fit results.
Figure 2 shows the MðωJ=ψÞ [30] distribution from

the full data set. A signal peak consistent with the
Xð3872Þ resonance is observed. In addition, there are
evident structures above 3.9 GeV=c2. There are irreducible
eþe− → ωχc0 background events that produce a broad
structure in the MðωJ=ψÞ distribution. Such kind of

background is well understood and can be reproduced
by the MC simulation at BESIII [31]. Other possible
backgrounds come from continuum events, such as
eþe− → γωπþπ−, γπþπ−π0J=ψ , γπþπ−π0πþπ− etc. They
are estimated by analyzing the J=ψ and ω mass side-
bands data.
An unbinned maximum-likelihood fit is performed to the

MðωJ=ψÞ mass distribution. In the fit, we use as the signal
probability density function (PDF) the incoherent sum of
three Breit-Wigner (BW) resonances [denoted as Xð3872Þ,
Xð3915Þ, and Xð3960Þ, respectively], each convolved with
a Gaussian resolution function. The Xð3872Þwidth is set to
1.2 MeV [18]. The shape and yield of the eþe− → ωχc0
background component are fixed to the results of the MC
simulation. Contribution from other backgrounds is para-
meterized as a linear shape. The upper panel of Fig. 2
shows the fit results (numerical results are listed in Table I),
and the extracted Xð3872Þ mass agrees with its world
average value within errors. The obtained Xð3872Þ signal
events yield is Nsig ¼ 45% 9% 3. The statistical signifi-
cance of the Xð3872Þ resonance is estimated to be 5.7σ by
comparing the likelihood difference with or without the
Xð3872Þ in the fit, Δð−2 lnLÞ ¼ 40.8, and by taking the
change of ndf (Δndf ¼ 3) into account. Possible systematic
effects on the Xð3872Þ signal significance, including
background shape, ωχc0 background normalization,
Xð3872Þ intrinsic width and mass resolution are inves-
tigated, and no sign for a decreased Xð3872Þ significance is
observed. The statistical significance of Xð3915Þ and
Xð3960Þ are estimated to be 3.1σ and 3.4σ only.
As an alternative choice, we fit the MðωJ=ψÞ mass

distribution only with the Xð3872Þ and Xð3915Þ resonan-
ces as signal PDF. The eþe− → ωχc0 background is
handled in the same way as before. The contribution from
other backgrounds is parametrized as a linear function and
has been fixed as the result of fitting it to the data of the
J=ψ - and ω-mass sidebands. The bottom panel of Fig. 2
shows the fit results (c.f. Table I), and the number of fitted
Xð3872Þ signal events is Nsig ¼ 40% 8% 3. The statistical
significance of Xð3872Þ is estimated to be 5.2σ, and found
to be larger than 5.1σ after considering systematic effects
from ωχc0 and linear background normalization, Xð3872Þ
intrinsic width and mass resolution. The statistical signifi-
cance of Xð3915Þ is estimated to be 6.9σ. We test the
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FIG. 1. The Mðlþl−Þ and Mðπþπ−π0Þ distributions from the
full data sets.

TABLE I. The masses (in MeV=c2) and widths (in MeV) of
the Xð3872Þ, Xð3915Þ, and Xð3960Þ resonances from the fit. The
numbers in brackets represent the fit scenario without the
Xð3960Þ. The uncertainties are statistical only.

Mass Width

Xð3872Þ 3873.3% 1.1ð3872.8% 1.2Þ 1.2(1.2)
Xð3915Þ 3926.4% 2.2 ð3932.6% 8.7Þ 3.8% 7.5 ð59.7% 15.5Þ
Xð3960Þ 3963.7% 5.5 33.3% 34.2

PHYSICAL REVIEW LETTERS 122, 232002 (2019)

232002-5

e+e− → γ(ωJ/ψ)
PRL 122, 232002 (2019)X(3872)

one is based on the eþe− → πþπ−J=ψ line shape seen by
BESIII [18], and one is based on the ψð4160Þ line shape
with parameters from the PDG [3]. We take the largest
difference as a systematic uncertainty. (6) Signal MC
samples are generated according to realistic spin-dependent
amplitudes using EVTGEN [16]. In channels where there
is ambiguity [e.g., the presence of both S and D waves
in Xð3872Þ → ρJ=ψ [4] or both P and F waves in
Xð3872Þ → π0χc2], we replace our nominal models by

phase space and take the maximum difference as a
systematic uncertainty. (7) Fitting uncertainties are evalu-
ated using two fit variations: zeroth- and first-order back-
ground polynomials and a signal shape that is widened by
20% to account for possible differences in mass resolution
between data and MC simulation. The significance of the
signal for Xð3872Þ → π0χc1 remains above 5σ for all
variations. The total systematic uncertainty is obtained
by adding the individual uncertainties in quadrature.
In summary, we use 9.0 fb−1 of eþe− collision data

with Ec:m: between 4.15 and 4.30 GeV to search for the pro-
cesses eþe− → γXð3872Þ with Xð3872Þ → π0χcJ. We
make the first observation of the process Xð3872Þ →
π0χc1, where the statistical significance is greater than
5σ for all systematic variations. Normalizing to eþe− →
γXð3872Þ with Xð3872Þ → πþπ−J=ψ , we determine the
ratio B(Xð3872Þ → π0χc1)=B(Xð3872Þ → πþπ−J=ψ) ¼
0.88þ0.33

−0.27 % 0.10. Upper limits (at the 90% C.L.) for the
corresponding ratios for the π0χc0 and π0χc2 decays are 19
and 1.1, respectively. Using B(Xð3872Þ → πþπ−J=ψ) >
3.3% (obtained by comparing exclusive [4] and inclusive
[29] Bþ decays) and B(Xð3872Þ → πþπ−J=ψ) < 6.4%
[obtained by assuming all measured Xð3872Þ decays add
to less than 100%], we find B(Xð3872Þ → π0χc1)∼
3%–6%. If the Xð3872Þ were the χc1ð2PÞ state of charmo-
nium, Ref. [10] predicts Γ(Xð3872Þ → π0χc1) ∼ 0.06 keV.
Combining this with our result, this would imply a total
width of the Xð3872Þ of only ∼1.0–2.0 keV, which would
be orders of magnitude smaller than all other observed
charmonium states. Therefore, our measurement disfavors
the cc̄ interpretation of the Xð3872Þ.

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)
under Contracts No. 11335008, No. 11425524,
No. 11625523, No. 11635010, No. 11735014; the
Chinese Academy of Sciences (CAS) Large-Scale
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FIG. 4. Distributions of π0χcJ mass, Mðπ0χcJÞ, from the
process eþe− → γπ0χcJ for (a) J ¼ 0, (b) J ¼ 1, and
(c) J ¼ 2. Points, lines, and histograms follow the same con-
vention as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged γ1 and
γ2 and cross feed among the search channels.

TABLE II. Relative systematic uncertainties on the ratio
B(Xð3872Þ → π0χcJ)=B(Xð3872Þ → πþπ−J=ψ) for J ¼ 0, 1,
2. All entries are in percent.

π0χc0 π0χc1 π0χc2

(1) Photon efficiencies 3.0 3.0 3.0
(2) Track efficiencies 2.0 2.0 2.0
(3) Input branching fractions 4.7 3.5 3.6
(4) Kinematic fit 4.6 4.6 4.6
(5) Ec:m: dependence of efficiency ratio 3.2 5.2 5.2
(6) MC decay models 8.2 8.1 2.3
(7) Fitting to determine signal yield 12.4 1.6 3.0

Total 17.0 11.9 9.4
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one is based on the eþe− → πþπ−J=ψ line shape seen by
BESIII [18], and one is based on the ψð4160Þ line shape
with parameters from the PDG [3]. We take the largest
difference as a systematic uncertainty. (6) Signal MC
samples are generated according to realistic spin-dependent
amplitudes using EVTGEN [16]. In channels where there
is ambiguity [e.g., the presence of both S and D waves
in Xð3872Þ → ρJ=ψ [4] or both P and F waves in
Xð3872Þ → π0χc2], we replace our nominal models by

phase space and take the maximum difference as a
systematic uncertainty. (7) Fitting uncertainties are evalu-
ated using two fit variations: zeroth- and first-order back-
ground polynomials and a signal shape that is widened by
20% to account for possible differences in mass resolution
between data and MC simulation. The significance of the
signal for Xð3872Þ → π0χc1 remains above 5σ for all
variations. The total systematic uncertainty is obtained
by adding the individual uncertainties in quadrature.
In summary, we use 9.0 fb−1 of eþe− collision data

with Ec:m: between 4.15 and 4.30 GeV to search for the pro-
cesses eþe− → γXð3872Þ with Xð3872Þ → π0χcJ. We
make the first observation of the process Xð3872Þ →
π0χc1, where the statistical significance is greater than
5σ for all systematic variations. Normalizing to eþe− →
γXð3872Þ with Xð3872Þ → πþπ−J=ψ , we determine the
ratio B(Xð3872Þ → π0χc1)=B(Xð3872Þ → πþπ−J=ψ) ¼
0.88þ0.33

−0.27 % 0.10. Upper limits (at the 90% C.L.) for the
corresponding ratios for the π0χc0 and π0χc2 decays are 19
and 1.1, respectively. Using B(Xð3872Þ → πþπ−J=ψ) >
3.3% (obtained by comparing exclusive [4] and inclusive
[29] Bþ decays) and B(Xð3872Þ → πþπ−J=ψ) < 6.4%
[obtained by assuming all measured Xð3872Þ decays add
to less than 100%], we find B(Xð3872Þ → π0χc1)∼
3%–6%. If the Xð3872Þ were the χc1ð2PÞ state of charmo-
nium, Ref. [10] predicts Γ(Xð3872Þ → π0χc1) ∼ 0.06 keV.
Combining this with our result, this would imply a total
width of the Xð3872Þ of only ∼1.0–2.0 keV, which would
be orders of magnitude smaller than all other observed
charmonium states. Therefore, our measurement disfavors
the cc̄ interpretation of the Xð3872Þ.

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)
under Contracts No. 11335008, No. 11425524,
No. 11625523, No. 11635010, No. 11735014; the
Chinese Academy of Sciences (CAS) Large-Scale
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FIG. 4. Distributions of π0χcJ mass, Mðπ0χcJÞ, from the
process eþe− → γπ0χcJ for (a) J ¼ 0, (b) J ¼ 1, and
(c) J ¼ 2. Points, lines, and histograms follow the same con-
vention as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged γ1 and
γ2 and cross feed among the search channels.

TABLE II. Relative systematic uncertainties on the ratio
B(Xð3872Þ → π0χcJ)=B(Xð3872Þ → πþπ−J=ψ) for J ¼ 0, 1,
2. All entries are in percent.

π0χc0 π0χc1 π0χc2

(1) Photon efficiencies 3.0 3.0 3.0
(2) Track efficiencies 2.0 2.0 2.0
(3) Input branching fractions 4.7 3.5 3.6
(4) Kinematic fit 4.6 4.6 4.6
(5) Ec:m: dependence of efficiency ratio 3.2 5.2 5.2
(6) MC decay models 8.2 8.1 2.3
(7) Fitting to determine signal yield 12.4 1.6 3.0

Total 17.0 11.9 9.4
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(really , since )χc1(3872) IGJPC = 0+1++

jMðγπþπ−Þ −M0ðη0Þj > 0.02 GeV=c2 [M0ðη0Þ is the
nominal mass of the η0 [3] ], respectively.
For the search channel, the background mode π0π0J=ψ is

suppressed both by requiring Mðγ1γ2Þ to be 20 MeV=c2

away from the π0 mass and by placing the same require-
ment on the mass of γ1 or γ2 combined with the higher
energy photon from the π0 decay. Background events
from ωð782Þ decays to γπ0, including those from eþe− →
ωχcJ and γXð3872Þ → γωJ=ψ , are removed by requi-
ring Mðγ1;2π0Þ < 0.732 GeV=c2. Finally, background
events from γISRψð3686Þ are reduced by requiring the
mass recoiling against γ1 or γ2 both to be larger than
3.7 GeV=c2.
The final distributions for the reconstructed πþπ−J=ψ

mass in the normalization channel are shown in Fig. 1. In
order to improve the mass resolution, Mðπþπ−J=ψÞ is
calculated using Mðπþπ−lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ,
where M0ðJ=ψÞ is the nominal mass of the J=ψ . The
mass resolution is improved from 7.4 to 4.7 MeV=c2.

Figure 1(a) corresponds to data taken at 4.15 < Ec:m: <
4.30 GeV and shows a clear Xð3872Þ signal. The data
are fitted by a first-order polynomial representing the
background and a response function of the signal process
that has been obtained from the signal MC simulation.
All fits are performed using a binned likelihood method;
all significances are obtained by comparing the resulting
likelihoods with and without the signal component
included. Results are listed in Table I. Figure 1(b) shows
the same for the other Ec:m: samples. No Xð3872Þ signal
is seen. This pattern is consistent with the previous
measurement [12].
The corresponding distributions of Mðπ0χcJÞ for the

search channel are shown in Fig. 2. The χcJ region is first
chosen with a loose requirement on Mðγ1;2J=ψÞ≡
Mðγ1;2lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ between 3.35 and
3.60 GeV=c2. A clear signal for the Xð3872Þ is observed
for 4.15 < Ec:m: < 4.30 GeV [Fig. 2(a)]; no evidence for
the Xð3872Þ is seen at other Ec:m: [Fig. 2(b)]. The
distributions are fit with a first-order polynomial back-
ground function and a signal shape derived from the signal
MC simulation, where the relative fractions of π0χcJ with
J ¼ 0, 1, 2 are fixed by subsequent fits. There are two
entries per event corresponding to the two combinations of
γ1 and γ2; the signal MC includes a broad contribution from
events with interchanged γ1 and γ2. Using the background
samples described earlier (B1 and B2), we find no other
peaking background events. The fit in Fig. 2(a) yields
16.9þ5.2

−4.5 Xð3872Þ events with a statistical significance
of 4.8σ.
We next use theMðγ1;2J=ψÞ distribution to select the χc0,

χc1, and χc2 mass regions (Fig. 3). The photons γ1 and γ2
are separated by choosing γ2 to be the photon that mini-
mizes ΔMJ ≡ jMðγ2J=ψÞ −M0ðχcJÞj, where M0ðχcJÞ is
the nominal mass of each χcJ [3]. We require ΔM0 < 25
and ΔM1;2 < 20 MeV=c2. The resulting distributions for
Mðπ0χcJÞ with J ¼ 0, 1, 2 are shown in Fig. 4. Each
Mðπ0χcJÞ distribution is fit with a constant background
function and a signal shape derived from signal MC
simulation. The signal MC samples include events with
interchanged γ1 and γ2 as well as cross feed among the
π0χcJ channels. These effects result in an additional peak
below the Xð3872Þ signal region in the Mðπ0χc0Þ distri-
bution, but are negligible elsewhere. In the Mðπ0χc1Þ
distribution, we find a Xð3872Þ signal with a 5.2σ signifi-
cance. No significant Xð3872Þ signals are found in the
Mðπ0χc0;2Þ distributions. Numbers for events, efficiencies,
and significances are listed in Table I. The total yield of
signal events in all three channels is 15.1þ4.8

−3.8 , consistent
with the fit in Fig. 2(a).
Also shown in Table I are the final ratios B(Xð3872Þ →

π0χcJ)=B(Xð3872Þ → πþπ−J=ψ). These are calculated
from the ratios of yields of signal events, the ratios of
efficiencies (including minor effects due to ISR), and the
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FIG. 1. Distribution of πþπ−J=ψ mass,Mðπþπ−J=ψÞ, from the
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significance between these two fit scenarios, and find they
only differ by 2.5σ.
The production cross section of eþe− → γXð3872Þ

times the branching fraction B½Xð3872Þ → ωJ=ψ % at each
c.m. energy is calculated as σB½Xð3872Þ → ωJ=ψ % ¼
½Nsig=Lϵð1þ δÞB%, where Nsig is the number of Xð3872Þ
signal events, L is the integrated luminosity, ϵ is the
detection efficiency, B is the product of branching fractions
for J=ψ → lþl− and ω → πþπ−π0ðπ0 → γγÞ, and 1þ δ is
the ISR radiative correction factor, which is calculated
using the KKMC program [28]. The ISR photon energy
distribution is obtained by an iterative procedure using the
line shape σ½eþe− → γXð3872Þ% measured in this study to
replace the default one of KKMC. The left panel of Fig. 3
shows the measured σB½Xð3872Þ → ωJ=ψ %. Using the
same analysis method as described in Ref. [6] and the
radiative correction factor in this study, σB½Xð3872Þ →
πþπ−J=ψ % is measured as well. Our result agrees with and
supersedes the earlier published BESIII measurement [6],
as shown in the right panel of Fig. 3. All the numerical
results can be found in the Supplemental Material [24].
A simultaneous maximum-likelihood fit is performed to

both the σB½Xð3872Þ → ωJ=ψ % and the σB½Xð3872Þ →
πþπ−J=ψ % distributions. We use a single BW resonance,
denoted as Yð4200Þ, with free mass and width as PDF. A
free parameter R ¼ fB½Xð3872Þ → ωJ=ψ %=B½Xð3872Þ →
πþπ−J=ψ %g is used to describe the relative decay rate
of Xð3872Þ → ωJ=ψ and πþπ−J=ψ , which is common
for every c.m. energy. The fit gives M½Yð4200Þ% ¼
4200.6þ7.9

−13.3 MeV=c2, Γ½Yð4200Þ% ¼ 115þ38
−26 MeV,

Γee · B½Yð4200Þ → γXð3872Þ%B½Xð3872Þ → πþπ−J=ψ % ¼
ð4.5þ1.1

−0.8Þ × 10−2 eV and R ¼ 1.6þ0.4
−0.3 , where Γee is the

electronic partial width of the Yð4200Þ. Here, all the
uncertainties are statistical only.
The systematic uncertainty for Xð3872Þ, Xð3915Þ, and

Xð3960Þ mass and width measurements come from the
uncertainties in the absolute mass scale, background, and
resolution effects. The eþe− → γISRψð3686Þ → γISRηJ=ψ
events with the same event selection (except the ω mass

window is replaced by the η mass window) are used as a
control sample to calibrate the mass scale. The measured
ψð3686Þ mass is 3685.4' 0.4 MeV=c2, and the difference
to the ψð3686Þ world average mass is 0.8 MeV=c2.
Backgrounds are varied from a linear shape to a second-
order polynomial or by '1σ for the linear component, and
varied by '1σ for the ωχc0 component in the fit. The
differences in the mass and width measurements with
respect to the nominal results are taken as a systematic
uncertainty. The systematic uncertainty of resolution is
estimated by varying the Gaussian parameters of the
resolution response function by '1σ in the signal PDF.
In both fit scenarios [with and without the Xð3960Þ], the
Xð3872Þ mass difference 0.5 MeV=c2 is taken as a
systematic uncertainty due to the fit model. All these
contributions are summarized in Table II, and the total
uncertainty is calculated by adding the independent con-
tributions in quadrature.
The systematic uncertainty for the eþe− → γXð3872Þ

cross section measurement mainly comes from uncertain-
ties in the luminosity measurements, detection efficiency,
signal extraction, radiative correction, and branching frac-
tions. The integrated luminosities of each data set are
measured with large-angle Bhabha scattering events, with
an uncertainty of 1.0% [32]. The tracking efficiency is
estimated to be 1% per track from a study of the control
sample J=ψ → pp̄πþπ−. The uncertainty due to the photon
reconstruction is studied using the J=ψ → πþπ−π0 events,
and is found to be 1% for the radiative photon [33]. An
additional systematic uncertainty of 1% is assigned to the
efficiency of π0 reconstruction by studying ψð3686Þ →
π0π0J=ψ and eþe− → ωπ0 events. In our event selection, a
5C kinematic fit is used, and the systematic uncertainty
related to the kinematic fit is estimated to be 0.8% by using
a helix correction method as discussed in Ref. [34].
The number of Xð3872Þ signal events is extracted by

fitting the MðωJ=ψÞ distribution, and the difference
between the two fit scenarios is 9.5%. The Xð3872Þ
intrinsic width is fixed to 1.2 MeV in the signal PDF.
Varying the width from 50 keV to 1.2 MeV results in a 5%
difference for the Xð3872Þ signal yield. The systematic
uncertainty of the ωχc0 background is estimated by varying

FIG. 3. The measured cross section of σ½eþe− → γXð3872Þ%
times the branching fraction of Xð3872Þ → ωJ=ψ (left) and
πþπ−J=ψ (right), and a simultaneous fit to data with a single
BW resonance. Dots with error bars are data, the open triangles
are an early measurement reported in Ref. [6], and the red curves
show the fit results.

TABLE II. Summary of the systematic uncertainties for
Xð3872Þ=Xð3915Þ=Xð3960Þ mass and width measurements.
The numbers in the brackets correspond to the fit scenario with
only the Xð3872Þ and Xð3915Þ as signal PDF.

Source Mass (MeV=c2) Width (MeV)

Absolute mass scale 0.8=0.8 ð0.8Þ=0.8 ( ( (/( ( (/( ( (
Background shape 0.3=0.4 ð4.5Þ=0.5 ( ( (/2.5 ð3.6Þ=8.3
Resolution 0.0=0.8 ð0.7Þ=0.8 ( ( (/0.7 ð0.3Þ=0.1
Fit model 0.5/( ( (/( ( ( ( ( (/( ( (/( ( (
Total 1.0=1.2 ð4.7Þ=1.3 ( ( (/2.6 ð3.7Þ=8.3
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The difference between the mass of Xð3872Þ and J=ψ
[18] is about 775 MeV=c2, which is slightly lower than
the world average mass of the ω. A consequence is an
asymmetric Mðπþπ−π0Þ distribution around the ω reso-
nance, as can be seen in the right panel of Fig. 1. To
accommodate for this effect, the ω mass window is defined
as 0.72 < Mðπþπ−π0Þ < 0.81 GeV=c2, and its mass side-
band as 0.61 < Mðπþπ−π0Þ < 0.70 GeV=c2 or 0.83<
Mðπþπ−π0Þ<0.92GeV=c2. We fitted both the Mðlþl−Þ
and Mðπþπ−π0Þ distributions, and normalized the data of
the sidebands according to the fit results.
Figure 2 shows the MðωJ=ψÞ [30] distribution from

the full data set. A signal peak consistent with the
Xð3872Þ resonance is observed. In addition, there are
evident structures above 3.9 GeV=c2. There are irreducible
eþe− → ωχc0 background events that produce a broad
structure in the MðωJ=ψÞ distribution. Such kind of

background is well understood and can be reproduced
by the MC simulation at BESIII [31]. Other possible
backgrounds come from continuum events, such as
eþe− → γωπþπ−, γπþπ−π0J=ψ , γπþπ−π0πþπ− etc. They
are estimated by analyzing the J=ψ and ω mass side-
bands data.
An unbinned maximum-likelihood fit is performed to the

MðωJ=ψÞ mass distribution. In the fit, we use as the signal
probability density function (PDF) the incoherent sum of
three Breit-Wigner (BW) resonances [denoted as Xð3872Þ,
Xð3915Þ, and Xð3960Þ, respectively], each convolved with
a Gaussian resolution function. The Xð3872Þwidth is set to
1.2 MeV [18]. The shape and yield of the eþe− → ωχc0
background component are fixed to the results of the MC
simulation. Contribution from other backgrounds is para-
meterized as a linear shape. The upper panel of Fig. 2
shows the fit results (numerical results are listed in Table I),
and the extracted Xð3872Þ mass agrees with its world
average value within errors. The obtained Xð3872Þ signal
events yield is Nsig ¼ 45% 9% 3. The statistical signifi-
cance of the Xð3872Þ resonance is estimated to be 5.7σ by
comparing the likelihood difference with or without the
Xð3872Þ in the fit, Δð−2 lnLÞ ¼ 40.8, and by taking the
change of ndf (Δndf ¼ 3) into account. Possible systematic
effects on the Xð3872Þ signal significance, including
background shape, ωχc0 background normalization,
Xð3872Þ intrinsic width and mass resolution are inves-
tigated, and no sign for a decreased Xð3872Þ significance is
observed. The statistical significance of Xð3915Þ and
Xð3960Þ are estimated to be 3.1σ and 3.4σ only.
As an alternative choice, we fit the MðωJ=ψÞ mass

distribution only with the Xð3872Þ and Xð3915Þ resonan-
ces as signal PDF. The eþe− → ωχc0 background is
handled in the same way as before. The contribution from
other backgrounds is parametrized as a linear function and
has been fixed as the result of fitting it to the data of the
J=ψ - and ω-mass sidebands. The bottom panel of Fig. 2
shows the fit results (c.f. Table I), and the number of fitted
Xð3872Þ signal events is Nsig ¼ 40% 8% 3. The statistical
significance of Xð3872Þ is estimated to be 5.2σ, and found
to be larger than 5.1σ after considering systematic effects
from ωχc0 and linear background normalization, Xð3872Þ
intrinsic width and mass resolution. The statistical signifi-
cance of Xð3915Þ is estimated to be 6.9σ. We test the
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FIG. 1. The Mðlþl−Þ and Mðπþπ−π0Þ distributions from the
full data sets.

TABLE I. The masses (in MeV=c2) and widths (in MeV) of
the Xð3872Þ, Xð3915Þ, and Xð3960Þ resonances from the fit. The
numbers in brackets represent the fit scenario without the
Xð3960Þ. The uncertainties are statistical only.

Mass Width

Xð3872Þ 3873.3% 1.1ð3872.8% 1.2Þ 1.2(1.2)
Xð3915Þ 3926.4% 2.2 ð3932.6% 8.7Þ 3.8% 7.5 ð59.7% 15.5Þ
Xð3960Þ 3963.7% 5.5 33.3% 34.2
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one is based on the eþe− → πþπ−J=ψ line shape seen by
BESIII [18], and one is based on the ψð4160Þ line shape
with parameters from the PDG [3]. We take the largest
difference as a systematic uncertainty. (6) Signal MC
samples are generated according to realistic spin-dependent
amplitudes using EVTGEN [16]. In channels where there
is ambiguity [e.g., the presence of both S and D waves
in Xð3872Þ → ρJ=ψ [4] or both P and F waves in
Xð3872Þ → π0χc2], we replace our nominal models by

phase space and take the maximum difference as a
systematic uncertainty. (7) Fitting uncertainties are evalu-
ated using two fit variations: zeroth- and first-order back-
ground polynomials and a signal shape that is widened by
20% to account for possible differences in mass resolution
between data and MC simulation. The significance of the
signal for Xð3872Þ → π0χc1 remains above 5σ for all
variations. The total systematic uncertainty is obtained
by adding the individual uncertainties in quadrature.
In summary, we use 9.0 fb−1 of eþe− collision data

with Ec:m: between 4.15 and 4.30 GeV to search for the pro-
cesses eþe− → γXð3872Þ with Xð3872Þ → π0χcJ. We
make the first observation of the process Xð3872Þ →
π0χc1, where the statistical significance is greater than
5σ for all systematic variations. Normalizing to eþe− →
γXð3872Þ with Xð3872Þ → πþπ−J=ψ , we determine the
ratio B(Xð3872Þ → π0χc1)=B(Xð3872Þ → πþπ−J=ψ) ¼
0.88þ0.33

−0.27 % 0.10. Upper limits (at the 90% C.L.) for the
corresponding ratios for the π0χc0 and π0χc2 decays are 19
and 1.1, respectively. Using B(Xð3872Þ → πþπ−J=ψ) >
3.3% (obtained by comparing exclusive [4] and inclusive
[29] Bþ decays) and B(Xð3872Þ → πþπ−J=ψ) < 6.4%
[obtained by assuming all measured Xð3872Þ decays add
to less than 100%], we find B(Xð3872Þ → π0χc1)∼
3%–6%. If the Xð3872Þ were the χc1ð2PÞ state of charmo-
nium, Ref. [10] predicts Γ(Xð3872Þ → π0χc1) ∼ 0.06 keV.
Combining this with our result, this would imply a total
width of the Xð3872Þ of only ∼1.0–2.0 keV, which would
be orders of magnitude smaller than all other observed
charmonium states. Therefore, our measurement disfavors
the cc̄ interpretation of the Xð3872Þ.

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)
under Contracts No. 11335008, No. 11425524,
No. 11625523, No. 11635010, No. 11735014; the
Chinese Academy of Sciences (CAS) Large-Scale
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FIG. 4. Distributions of π0χcJ mass, Mðπ0χcJÞ, from the
process eþe− → γπ0χcJ for (a) J ¼ 0, (b) J ¼ 1, and
(c) J ¼ 2. Points, lines, and histograms follow the same con-
vention as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged γ1 and
γ2 and cross feed among the search channels.

TABLE II. Relative systematic uncertainties on the ratio
B(Xð3872Þ → π0χcJ)=B(Xð3872Þ → πþπ−J=ψ) for J ¼ 0, 1,
2. All entries are in percent.

π0χc0 π0χc1 π0χc2

(1) Photon efficiencies 3.0 3.0 3.0
(2) Track efficiencies 2.0 2.0 2.0
(3) Input branching fractions 4.7 3.5 3.6
(4) Kinematic fit 4.6 4.6 4.6
(5) Ec:m: dependence of efficiency ratio 3.2 5.2 5.2
(6) MC decay models 8.2 8.1 2.3
(7) Fitting to determine signal yield 12.4 1.6 3.0

Total 17.0 11.9 9.4
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one is based on the eþe− → πþπ−J=ψ line shape seen by
BESIII [18], and one is based on the ψð4160Þ line shape
with parameters from the PDG [3]. We take the largest
difference as a systematic uncertainty. (6) Signal MC
samples are generated according to realistic spin-dependent
amplitudes using EVTGEN [16]. In channels where there
is ambiguity [e.g., the presence of both S and D waves
in Xð3872Þ → ρJ=ψ [4] or both P and F waves in
Xð3872Þ → π0χc2], we replace our nominal models by

phase space and take the maximum difference as a
systematic uncertainty. (7) Fitting uncertainties are evalu-
ated using two fit variations: zeroth- and first-order back-
ground polynomials and a signal shape that is widened by
20% to account for possible differences in mass resolution
between data and MC simulation. The significance of the
signal for Xð3872Þ → π0χc1 remains above 5σ for all
variations. The total systematic uncertainty is obtained
by adding the individual uncertainties in quadrature.
In summary, we use 9.0 fb−1 of eþe− collision data

with Ec:m: between 4.15 and 4.30 GeV to search for the pro-
cesses eþe− → γXð3872Þ with Xð3872Þ → π0χcJ. We
make the first observation of the process Xð3872Þ →
π0χc1, where the statistical significance is greater than
5σ for all systematic variations. Normalizing to eþe− →
γXð3872Þ with Xð3872Þ → πþπ−J=ψ , we determine the
ratio B(Xð3872Þ → π0χc1)=B(Xð3872Þ → πþπ−J=ψ) ¼
0.88þ0.33

−0.27 % 0.10. Upper limits (at the 90% C.L.) for the
corresponding ratios for the π0χc0 and π0χc2 decays are 19
and 1.1, respectively. Using B(Xð3872Þ → πþπ−J=ψ) >
3.3% (obtained by comparing exclusive [4] and inclusive
[29] Bþ decays) and B(Xð3872Þ → πþπ−J=ψ) < 6.4%
[obtained by assuming all measured Xð3872Þ decays add
to less than 100%], we find B(Xð3872Þ → π0χc1)∼
3%–6%. If the Xð3872Þ were the χc1ð2PÞ state of charmo-
nium, Ref. [10] predicts Γ(Xð3872Þ → π0χc1) ∼ 0.06 keV.
Combining this with our result, this would imply a total
width of the Xð3872Þ of only ∼1.0–2.0 keV, which would
be orders of magnitude smaller than all other observed
charmonium states. Therefore, our measurement disfavors
the cc̄ interpretation of the Xð3872Þ.

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)
under Contracts No. 11335008, No. 11425524,
No. 11625523, No. 11635010, No. 11735014; the
Chinese Academy of Sciences (CAS) Large-Scale
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FIG. 4. Distributions of π0χcJ mass, Mðπ0χcJÞ, from the
process eþe− → γπ0χcJ for (a) J ¼ 0, (b) J ¼ 1, and
(c) J ¼ 2. Points, lines, and histograms follow the same con-
vention as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged γ1 and
γ2 and cross feed among the search channels.

TABLE II. Relative systematic uncertainties on the ratio
B(Xð3872Þ → π0χcJ)=B(Xð3872Þ → πþπ−J=ψ) for J ¼ 0, 1,
2. All entries are in percent.

π0χc0 π0χc1 π0χc2

(1) Photon efficiencies 3.0 3.0 3.0
(2) Track efficiencies 2.0 2.0 2.0
(3) Input branching fractions 4.7 3.5 3.6
(4) Kinematic fit 4.6 4.6 4.6
(5) Ec:m: dependence of efficiency ratio 3.2 5.2 5.2
(6) MC decay models 8.2 8.1 2.3
(7) Fitting to determine signal yield 12.4 1.6 3.0

Total 17.0 11.9 9.4
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γH. The distribution of Mðγψ 0Þ as well as the fitting results
are shown in Fig. 1(b). The fit yields ð−1.1# 5.2Þ × 102

BF- and efficiency-corrected Xð3872Þ → γψ 0 events, cor-
responding to −0.9# 4.1 and −0.4# 1.6 ψ 0 → πþπ−J=ψ
and μþμ− events, respectively, and the goodness of the fit is
χ2=NDF ¼ 45.0=58ðp ¼ 0.89Þ. The UL of the number of
BF- and efficiency-corrected events is calculated to be
1.0 × 103 at the 90% C.L. This is obtained by integrating
the likelihood distribution of the fit as a function of signal
yield after it is convolved with a Gaussian distribution with
the width of the systematic uncertainty.
The ratio Rγψ can be determined from the above mea-

surements. By sampling the signal yields of Xð3872Þ →
γJ=ψ and Xð3872Þ → γψ 0 according to their likelihood
distributions, a probability distribution that depends on Rγψ
is obtained. After convolving this with a Gaussian distri-
bution representing the uncommon systematic uncertainty
between the two channels, the UL on Rγψ is determined to
be 0.59 at the 90% C.L.
We also perform fits where the signal contribution

is fixed to the expectation calculated from previous
measurements. We fix the cross section of eþe− →
γXð3872Þ; Xð3872Þ → πþπ−J=ψ production to the value
reported in Ref. [17] and take the relative ratio
fB½Xð3872Þ → γψ 0'g=fB½Xð3872Þ → πþπ−J=ψ 'g from a
global fit [25], or fix Xð3872Þ → γJ=ψ to our own
result and take Rγψ from an LHCb measurement [14]
and from a Belle measurement [16]. The results, also
shown in Fig. 1(b), have a goodness of fit of χ2=NDF ¼
46.9=59ðp ¼ 0.87Þ, 66.8=59ðp ¼ 0.23Þ, and 46.0=59

ðp ¼ 0.89Þ for the BESIII, LHCb, and Belle hypotheses,
respectively. Our result for Rγψ is 2.8σ lower than that
reported by the LHCb Collaboration, corresponding to a p
value of 0.0048 calculated with p ¼

R∞
0

R∞
R0

LðRÞGðR0Þ×
dRdR0, where LðRÞ is the likelihood distribution in this
Letter andGðRÞ is the Gaussian-assumed likelihood profile
of the uncertainty of LHCb measurement.
We consider the possibility of nonresonant three-

body production to the final states γD0D̄0 and π0D0D̄0,
in addition to the well-established decay Xð3872Þ →
D(0D̄0. We only search for Xð3872Þ with γLD0D̄0 because
the photon energy in Xð3872Þ → γD0D̄0 is always
lower than that in eþe− → γXð3872Þ. The mass spectra
MðγLD0D̄0Þ and Mðπ0D0D̄0Þ are shown in Fig. 2 for
the case when MðγL=π0DÞ lies in [Fig. 2(a)] or out of
[Fig. 2(b)] the D(0 mass region and when Mðπ0D0D̄0Þ lies
in this mass range [Fig. 2(c)]. We fit the three mass spectra
individually and use an efficiency matrix determined
from MC simulation that accounts for migrations of true
events between the mass ranges to determine the number
of produced events in each category. The signal yields
for nonresonant three-body Xð3872Þ → γD0D̄0 production
and the decay Xð3872Þ → D(0D̄0ðD(0 → γD0Þ are found
to be 1.3# 0.7 and 20.5# 7.4, respectively, and the corres-
ponding yields for Xð3872Þ → π0D0D̄0 and Xð3872Þ →
D(0D̄0ðD( → π0D0Þ decays are −0.5# 2.3 and 36.1#
7.7, respectively. The yields for the three-body decays are
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background components.

3.8 3.85 3.9 3.95
0

10

20

30

3.8 3.85 3.9 3.95
0

10

20

30

40

(a)

0

5

10

0

20

40

60

(b)

)2) (GeV/cJ/
H

M( )2’) (GeV/cM(
3.8 3.85 3.9 3.95

)2
E

ve
nt

s 
/ (

6 
M

eV
/c

)2
E

ve
nt

s 
/ (

5 
M

eV
/c

FIG. 1. (a) Fit results for Xð3872Þ → γJ=ψ for the μþμ− (top)
and eþe− (bottom) mode. (b) Fit results for Xð3872Þ → γψ 0 for
the πþπ−J=ψ (top) and μþμ− (bottom) mode. The points with
error bars are from data, the red curves are the best fit. In (b), the
rose-red dotted line represents the fit with the signal constrained
to the expectation using Xð3872Þ → πþπ−J=ψ based on the
relative ratios taken from a global fit [25]; the green dash-dotted
lines are using Xð3872Þ → γJ=ψ as the reference based on the
LHCb measurement [14], and the gray long dashed lines are
using Xð3872Þ → γJ=ψ as the reference based on the Belle
measurement [16].
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γH. The distribution of Mðγψ 0Þ as well as the fitting results
are shown in Fig. 1(b). The fit yields ð−1.1# 5.2Þ × 102

BF- and efficiency-corrected Xð3872Þ → γψ 0 events, cor-
responding to −0.9# 4.1 and −0.4# 1.6 ψ 0 → πþπ−J=ψ
and μþμ− events, respectively, and the goodness of the fit is
χ2=NDF ¼ 45.0=58ðp ¼ 0.89Þ. The UL of the number of
BF- and efficiency-corrected events is calculated to be
1.0 × 103 at the 90% C.L. This is obtained by integrating
the likelihood distribution of the fit as a function of signal
yield after it is convolved with a Gaussian distribution with
the width of the systematic uncertainty.
The ratio Rγψ can be determined from the above mea-

surements. By sampling the signal yields of Xð3872Þ →
γJ=ψ and Xð3872Þ → γψ 0 according to their likelihood
distributions, a probability distribution that depends on Rγψ
is obtained. After convolving this with a Gaussian distri-
bution representing the uncommon systematic uncertainty
between the two channels, the UL on Rγψ is determined to
be 0.59 at the 90% C.L.
We also perform fits where the signal contribution

is fixed to the expectation calculated from previous
measurements. We fix the cross section of eþe− →
γXð3872Þ; Xð3872Þ → πþπ−J=ψ production to the value
reported in Ref. [17] and take the relative ratio
fB½Xð3872Þ → γψ 0'g=fB½Xð3872Þ → πþπ−J=ψ 'g from a
global fit [25], or fix Xð3872Þ → γJ=ψ to our own
result and take Rγψ from an LHCb measurement [14]
and from a Belle measurement [16]. The results, also
shown in Fig. 1(b), have a goodness of fit of χ2=NDF ¼
46.9=59ðp ¼ 0.87Þ, 66.8=59ðp ¼ 0.23Þ, and 46.0=59

ðp ¼ 0.89Þ for the BESIII, LHCb, and Belle hypotheses,
respectively. Our result for Rγψ is 2.8σ lower than that
reported by the LHCb Collaboration, corresponding to a p
value of 0.0048 calculated with p ¼

R∞
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R∞
R0

LðRÞGðR0Þ×
dRdR0, where LðRÞ is the likelihood distribution in this
Letter andGðRÞ is the Gaussian-assumed likelihood profile
of the uncertainty of LHCb measurement.
We consider the possibility of nonresonant three-

body production to the final states γD0D̄0 and π0D0D̄0,
in addition to the well-established decay Xð3872Þ →
D(0D̄0. We only search for Xð3872Þ with γLD0D̄0 because
the photon energy in Xð3872Þ → γD0D̄0 is always
lower than that in eþe− → γXð3872Þ. The mass spectra
MðγLD0D̄0Þ and Mðπ0D0D̄0Þ are shown in Fig. 2 for
the case when MðγL=π0DÞ lies in [Fig. 2(a)] or out of
[Fig. 2(b)] the D(0 mass region and when Mðπ0D0D̄0Þ lies
in this mass range [Fig. 2(c)]. We fit the three mass spectra
individually and use an efficiency matrix determined
from MC simulation that accounts for migrations of true
events between the mass ranges to determine the number
of produced events in each category. The signal yields
for nonresonant three-body Xð3872Þ → γD0D̄0 production
and the decay Xð3872Þ → D(0D̄0ðD(0 → γD0Þ are found
to be 1.3# 0.7 and 20.5# 7.4, respectively, and the corres-
ponding yields for Xð3872Þ → π0D0D̄0 and Xð3872Þ →
D(0D̄0ðD( → π0D0Þ decays are −0.5# 2.3 and 36.1#
7.7, respectively. The yields for the three-body decays are
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background components.
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FIG. 1. (a) Fit results for Xð3872Þ → γJ=ψ for the μþμ− (top)
and eþe− (bottom) mode. (b) Fit results for Xð3872Þ → γψ 0 for
the πþπ−J=ψ (top) and μþμ− (bottom) mode. The points with
error bars are from data, the red curves are the best fit. In (b), the
rose-red dotted line represents the fit with the signal constrained
to the expectation using Xð3872Þ → πþπ−J=ψ based on the
relative ratios taken from a global fit [25]; the green dash-dotted
lines are using Xð3872Þ → γJ=ψ as the reference based on the
LHCb measurement [14], and the gray long dashed lines are
using Xð3872Þ → γJ=ψ as the reference based on the Belle
measurement [16].
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(really , since )χc1(3872) IGJPC = 0+1++

jMðγπþπ−Þ −M0ðη0Þj > 0.02 GeV=c2 [M0ðη0Þ is the
nominal mass of the η0 [3] ], respectively.
For the search channel, the background mode π0π0J=ψ is

suppressed both by requiring Mðγ1γ2Þ to be 20 MeV=c2

away from the π0 mass and by placing the same require-
ment on the mass of γ1 or γ2 combined with the higher
energy photon from the π0 decay. Background events
from ωð782Þ decays to γπ0, including those from eþe− →
ωχcJ and γXð3872Þ → γωJ=ψ , are removed by requi-
ring Mðγ1;2π0Þ < 0.732 GeV=c2. Finally, background
events from γISRψð3686Þ are reduced by requiring the
mass recoiling against γ1 or γ2 both to be larger than
3.7 GeV=c2.
The final distributions for the reconstructed πþπ−J=ψ

mass in the normalization channel are shown in Fig. 1. In
order to improve the mass resolution, Mðπþπ−J=ψÞ is
calculated using Mðπþπ−lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ,
where M0ðJ=ψÞ is the nominal mass of the J=ψ . The
mass resolution is improved from 7.4 to 4.7 MeV=c2.

Figure 1(a) corresponds to data taken at 4.15 < Ec:m: <
4.30 GeV and shows a clear Xð3872Þ signal. The data
are fitted by a first-order polynomial representing the
background and a response function of the signal process
that has been obtained from the signal MC simulation.
All fits are performed using a binned likelihood method;
all significances are obtained by comparing the resulting
likelihoods with and without the signal component
included. Results are listed in Table I. Figure 1(b) shows
the same for the other Ec:m: samples. No Xð3872Þ signal
is seen. This pattern is consistent with the previous
measurement [12].
The corresponding distributions of Mðπ0χcJÞ for the

search channel are shown in Fig. 2. The χcJ region is first
chosen with a loose requirement on Mðγ1;2J=ψÞ≡
Mðγ1;2lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ between 3.35 and
3.60 GeV=c2. A clear signal for the Xð3872Þ is observed
for 4.15 < Ec:m: < 4.30 GeV [Fig. 2(a)]; no evidence for
the Xð3872Þ is seen at other Ec:m: [Fig. 2(b)]. The
distributions are fit with a first-order polynomial back-
ground function and a signal shape derived from the signal
MC simulation, where the relative fractions of π0χcJ with
J ¼ 0, 1, 2 are fixed by subsequent fits. There are two
entries per event corresponding to the two combinations of
γ1 and γ2; the signal MC includes a broad contribution from
events with interchanged γ1 and γ2. Using the background
samples described earlier (B1 and B2), we find no other
peaking background events. The fit in Fig. 2(a) yields
16.9þ5.2

−4.5 Xð3872Þ events with a statistical significance
of 4.8σ.
We next use theMðγ1;2J=ψÞ distribution to select the χc0,

χc1, and χc2 mass regions (Fig. 3). The photons γ1 and γ2
are separated by choosing γ2 to be the photon that mini-
mizes ΔMJ ≡ jMðγ2J=ψÞ −M0ðχcJÞj, where M0ðχcJÞ is
the nominal mass of each χcJ [3]. We require ΔM0 < 25
and ΔM1;2 < 20 MeV=c2. The resulting distributions for
Mðπ0χcJÞ with J ¼ 0, 1, 2 are shown in Fig. 4. Each
Mðπ0χcJÞ distribution is fit with a constant background
function and a signal shape derived from signal MC
simulation. The signal MC samples include events with
interchanged γ1 and γ2 as well as cross feed among the
π0χcJ channels. These effects result in an additional peak
below the Xð3872Þ signal region in the Mðπ0χc0Þ distri-
bution, but are negligible elsewhere. In the Mðπ0χc1Þ
distribution, we find a Xð3872Þ signal with a 5.2σ signifi-
cance. No significant Xð3872Þ signals are found in the
Mðπ0χc0;2Þ distributions. Numbers for events, efficiencies,
and significances are listed in Table I. The total yield of
signal events in all three channels is 15.1þ4.8

−3.8 , consistent
with the fit in Fig. 2(a).
Also shown in Table I are the final ratios B(Xð3872Þ →

π0χcJ)=B(Xð3872Þ → πþπ−J=ψ). These are calculated
from the ratios of yields of signal events, the ratios of
efficiencies (including minor effects due to ISR), and the
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FIG. 1. Distribution of πþπ−J=ψ mass,Mðπþπ−J=ψÞ, from the
normalization process eþe− → γπþπ−J=ψ for (a) 4.15 < Ec:m: <
4.30 GeV and (b) 4.00 < Ec:m: < 4.15 or 4.30 < Ec:m: <
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significance between these two fit scenarios, and find they
only differ by 2.5σ.
The production cross section of eþe− → γXð3872Þ

times the branching fraction B½Xð3872Þ → ωJ=ψ % at each
c.m. energy is calculated as σB½Xð3872Þ → ωJ=ψ % ¼
½Nsig=Lϵð1þ δÞB%, where Nsig is the number of Xð3872Þ
signal events, L is the integrated luminosity, ϵ is the
detection efficiency, B is the product of branching fractions
for J=ψ → lþl− and ω → πþπ−π0ðπ0 → γγÞ, and 1þ δ is
the ISR radiative correction factor, which is calculated
using the KKMC program [28]. The ISR photon energy
distribution is obtained by an iterative procedure using the
line shape σ½eþe− → γXð3872Þ% measured in this study to
replace the default one of KKMC. The left panel of Fig. 3
shows the measured σB½Xð3872Þ → ωJ=ψ %. Using the
same analysis method as described in Ref. [6] and the
radiative correction factor in this study, σB½Xð3872Þ →
πþπ−J=ψ % is measured as well. Our result agrees with and
supersedes the earlier published BESIII measurement [6],
as shown in the right panel of Fig. 3. All the numerical
results can be found in the Supplemental Material [24].
A simultaneous maximum-likelihood fit is performed to

both the σB½Xð3872Þ → ωJ=ψ % and the σB½Xð3872Þ →
πþπ−J=ψ % distributions. We use a single BW resonance,
denoted as Yð4200Þ, with free mass and width as PDF. A
free parameter R ¼ fB½Xð3872Þ → ωJ=ψ %=B½Xð3872Þ →
πþπ−J=ψ %g is used to describe the relative decay rate
of Xð3872Þ → ωJ=ψ and πþπ−J=ψ , which is common
for every c.m. energy. The fit gives M½Yð4200Þ% ¼
4200.6þ7.9

−13.3 MeV=c2, Γ½Yð4200Þ% ¼ 115þ38
−26 MeV,

Γee · B½Yð4200Þ → γXð3872Þ%B½Xð3872Þ → πþπ−J=ψ % ¼
ð4.5þ1.1

−0.8Þ × 10−2 eV and R ¼ 1.6þ0.4
−0.3 , where Γee is the

electronic partial width of the Yð4200Þ. Here, all the
uncertainties are statistical only.
The systematic uncertainty for Xð3872Þ, Xð3915Þ, and

Xð3960Þ mass and width measurements come from the
uncertainties in the absolute mass scale, background, and
resolution effects. The eþe− → γISRψð3686Þ → γISRηJ=ψ
events with the same event selection (except the ω mass

window is replaced by the η mass window) are used as a
control sample to calibrate the mass scale. The measured
ψð3686Þ mass is 3685.4' 0.4 MeV=c2, and the difference
to the ψð3686Þ world average mass is 0.8 MeV=c2.
Backgrounds are varied from a linear shape to a second-
order polynomial or by '1σ for the linear component, and
varied by '1σ for the ωχc0 component in the fit. The
differences in the mass and width measurements with
respect to the nominal results are taken as a systematic
uncertainty. The systematic uncertainty of resolution is
estimated by varying the Gaussian parameters of the
resolution response function by '1σ in the signal PDF.
In both fit scenarios [with and without the Xð3960Þ], the
Xð3872Þ mass difference 0.5 MeV=c2 is taken as a
systematic uncertainty due to the fit model. All these
contributions are summarized in Table II, and the total
uncertainty is calculated by adding the independent con-
tributions in quadrature.
The systematic uncertainty for the eþe− → γXð3872Þ

cross section measurement mainly comes from uncertain-
ties in the luminosity measurements, detection efficiency,
signal extraction, radiative correction, and branching frac-
tions. The integrated luminosities of each data set are
measured with large-angle Bhabha scattering events, with
an uncertainty of 1.0% [32]. The tracking efficiency is
estimated to be 1% per track from a study of the control
sample J=ψ → pp̄πþπ−. The uncertainty due to the photon
reconstruction is studied using the J=ψ → πþπ−π0 events,
and is found to be 1% for the radiative photon [33]. An
additional systematic uncertainty of 1% is assigned to the
efficiency of π0 reconstruction by studying ψð3686Þ →
π0π0J=ψ and eþe− → ωπ0 events. In our event selection, a
5C kinematic fit is used, and the systematic uncertainty
related to the kinematic fit is estimated to be 0.8% by using
a helix correction method as discussed in Ref. [34].
The number of Xð3872Þ signal events is extracted by

fitting the MðωJ=ψÞ distribution, and the difference
between the two fit scenarios is 9.5%. The Xð3872Þ
intrinsic width is fixed to 1.2 MeV in the signal PDF.
Varying the width from 50 keV to 1.2 MeV results in a 5%
difference for the Xð3872Þ signal yield. The systematic
uncertainty of the ωχc0 background is estimated by varying

FIG. 3. The measured cross section of σ½eþe− → γXð3872Þ%
times the branching fraction of Xð3872Þ → ωJ=ψ (left) and
πþπ−J=ψ (right), and a simultaneous fit to data with a single
BW resonance. Dots with error bars are data, the open triangles
are an early measurement reported in Ref. [6], and the red curves
show the fit results.

TABLE II. Summary of the systematic uncertainties for
Xð3872Þ=Xð3915Þ=Xð3960Þ mass and width measurements.
The numbers in the brackets correspond to the fit scenario with
only the Xð3872Þ and Xð3915Þ as signal PDF.

Source Mass (MeV=c2) Width (MeV)

Absolute mass scale 0.8=0.8 ð0.8Þ=0.8 ( ( (/( ( (/( ( (
Background shape 0.3=0.4 ð4.5Þ=0.5 ( ( (/2.5 ð3.6Þ=8.3
Resolution 0.0=0.8 ð0.7Þ=0.8 ( ( (/0.7 ð0.3Þ=0.1
Fit model 0.5/( ( (/( ( ( ( ( (/( ( (/( ( (
Total 1.0=1.2 ð4.7Þ=1.3 ( ( (/2.6 ð3.7Þ=8.3
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The difference between the mass of Xð3872Þ and J=ψ
[18] is about 775 MeV=c2, which is slightly lower than
the world average mass of the ω. A consequence is an
asymmetric Mðπþπ−π0Þ distribution around the ω reso-
nance, as can be seen in the right panel of Fig. 1. To
accommodate for this effect, the ω mass window is defined
as 0.72 < Mðπþπ−π0Þ < 0.81 GeV=c2, and its mass side-
band as 0.61 < Mðπþπ−π0Þ < 0.70 GeV=c2 or 0.83<
Mðπþπ−π0Þ<0.92GeV=c2. We fitted both the Mðlþl−Þ
and Mðπþπ−π0Þ distributions, and normalized the data of
the sidebands according to the fit results.
Figure 2 shows the MðωJ=ψÞ [30] distribution from

the full data set. A signal peak consistent with the
Xð3872Þ resonance is observed. In addition, there are
evident structures above 3.9 GeV=c2. There are irreducible
eþe− → ωχc0 background events that produce a broad
structure in the MðωJ=ψÞ distribution. Such kind of

background is well understood and can be reproduced
by the MC simulation at BESIII [31]. Other possible
backgrounds come from continuum events, such as
eþe− → γωπþπ−, γπþπ−π0J=ψ , γπþπ−π0πþπ− etc. They
are estimated by analyzing the J=ψ and ω mass side-
bands data.
An unbinned maximum-likelihood fit is performed to the

MðωJ=ψÞ mass distribution. In the fit, we use as the signal
probability density function (PDF) the incoherent sum of
three Breit-Wigner (BW) resonances [denoted as Xð3872Þ,
Xð3915Þ, and Xð3960Þ, respectively], each convolved with
a Gaussian resolution function. The Xð3872Þwidth is set to
1.2 MeV [18]. The shape and yield of the eþe− → ωχc0
background component are fixed to the results of the MC
simulation. Contribution from other backgrounds is para-
meterized as a linear shape. The upper panel of Fig. 2
shows the fit results (numerical results are listed in Table I),
and the extracted Xð3872Þ mass agrees with its world
average value within errors. The obtained Xð3872Þ signal
events yield is Nsig ¼ 45% 9% 3. The statistical signifi-
cance of the Xð3872Þ resonance is estimated to be 5.7σ by
comparing the likelihood difference with or without the
Xð3872Þ in the fit, Δð−2 lnLÞ ¼ 40.8, and by taking the
change of ndf (Δndf ¼ 3) into account. Possible systematic
effects on the Xð3872Þ signal significance, including
background shape, ωχc0 background normalization,
Xð3872Þ intrinsic width and mass resolution are inves-
tigated, and no sign for a decreased Xð3872Þ significance is
observed. The statistical significance of Xð3915Þ and
Xð3960Þ are estimated to be 3.1σ and 3.4σ only.
As an alternative choice, we fit the MðωJ=ψÞ mass

distribution only with the Xð3872Þ and Xð3915Þ resonan-
ces as signal PDF. The eþe− → ωχc0 background is
handled in the same way as before. The contribution from
other backgrounds is parametrized as a linear function and
has been fixed as the result of fitting it to the data of the
J=ψ - and ω-mass sidebands. The bottom panel of Fig. 2
shows the fit results (c.f. Table I), and the number of fitted
Xð3872Þ signal events is Nsig ¼ 40% 8% 3. The statistical
significance of Xð3872Þ is estimated to be 5.2σ, and found
to be larger than 5.1σ after considering systematic effects
from ωχc0 and linear background normalization, Xð3872Þ
intrinsic width and mass resolution. The statistical signifi-
cance of Xð3915Þ is estimated to be 6.9σ. We test the
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full data sets.

TABLE I. The masses (in MeV=c2) and widths (in MeV) of
the Xð3872Þ, Xð3915Þ, and Xð3960Þ resonances from the fit. The
numbers in brackets represent the fit scenario without the
Xð3960Þ. The uncertainties are statistical only.

Mass Width

Xð3872Þ 3873.3% 1.1ð3872.8% 1.2Þ 1.2(1.2)
Xð3915Þ 3926.4% 2.2 ð3932.6% 8.7Þ 3.8% 7.5 ð59.7% 15.5Þ
Xð3960Þ 3963.7% 5.5 33.3% 34.2
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one is based on the eþe− → πþπ−J=ψ line shape seen by
BESIII [18], and one is based on the ψð4160Þ line shape
with parameters from the PDG [3]. We take the largest
difference as a systematic uncertainty. (6) Signal MC
samples are generated according to realistic spin-dependent
amplitudes using EVTGEN [16]. In channels where there
is ambiguity [e.g., the presence of both S and D waves
in Xð3872Þ → ρJ=ψ [4] or both P and F waves in
Xð3872Þ → π0χc2], we replace our nominal models by

phase space and take the maximum difference as a
systematic uncertainty. (7) Fitting uncertainties are evalu-
ated using two fit variations: zeroth- and first-order back-
ground polynomials and a signal shape that is widened by
20% to account for possible differences in mass resolution
between data and MC simulation. The significance of the
signal for Xð3872Þ → π0χc1 remains above 5σ for all
variations. The total systematic uncertainty is obtained
by adding the individual uncertainties in quadrature.
In summary, we use 9.0 fb−1 of eþe− collision data

with Ec:m: between 4.15 and 4.30 GeV to search for the pro-
cesses eþe− → γXð3872Þ with Xð3872Þ → π0χcJ. We
make the first observation of the process Xð3872Þ →
π0χc1, where the statistical significance is greater than
5σ for all systematic variations. Normalizing to eþe− →
γXð3872Þ with Xð3872Þ → πþπ−J=ψ , we determine the
ratio B(Xð3872Þ → π0χc1)=B(Xð3872Þ → πþπ−J=ψ) ¼
0.88þ0.33

−0.27 % 0.10. Upper limits (at the 90% C.L.) for the
corresponding ratios for the π0χc0 and π0χc2 decays are 19
and 1.1, respectively. Using B(Xð3872Þ → πþπ−J=ψ) >
3.3% (obtained by comparing exclusive [4] and inclusive
[29] Bþ decays) and B(Xð3872Þ → πþπ−J=ψ) < 6.4%
[obtained by assuming all measured Xð3872Þ decays add
to less than 100%], we find B(Xð3872Þ → π0χc1)∼
3%–6%. If the Xð3872Þ were the χc1ð2PÞ state of charmo-
nium, Ref. [10] predicts Γ(Xð3872Þ → π0χc1) ∼ 0.06 keV.
Combining this with our result, this would imply a total
width of the Xð3872Þ of only ∼1.0–2.0 keV, which would
be orders of magnitude smaller than all other observed
charmonium states. Therefore, our measurement disfavors
the cc̄ interpretation of the Xð3872Þ.

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)
under Contracts No. 11335008, No. 11425524,
No. 11625523, No. 11635010, No. 11735014; the
Chinese Academy of Sciences (CAS) Large-Scale
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FIG. 4. Distributions of π0χcJ mass, Mðπ0χcJÞ, from the
process eþe− → γπ0χcJ for (a) J ¼ 0, (b) J ¼ 1, and
(c) J ¼ 2. Points, lines, and histograms follow the same con-
vention as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged γ1 and
γ2 and cross feed among the search channels.

TABLE II. Relative systematic uncertainties on the ratio
B(Xð3872Þ → π0χcJ)=B(Xð3872Þ → πþπ−J=ψ) for J ¼ 0, 1,
2. All entries are in percent.

π0χc0 π0χc1 π0χc2

(1) Photon efficiencies 3.0 3.0 3.0
(2) Track efficiencies 2.0 2.0 2.0
(3) Input branching fractions 4.7 3.5 3.6
(4) Kinematic fit 4.6 4.6 4.6
(5) Ec:m: dependence of efficiency ratio 3.2 5.2 5.2
(6) MC decay models 8.2 8.1 2.3
(7) Fitting to determine signal yield 12.4 1.6 3.0

Total 17.0 11.9 9.4
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one is based on the eþe− → πþπ−J=ψ line shape seen by
BESIII [18], and one is based on the ψð4160Þ line shape
with parameters from the PDG [3]. We take the largest
difference as a systematic uncertainty. (6) Signal MC
samples are generated according to realistic spin-dependent
amplitudes using EVTGEN [16]. In channels where there
is ambiguity [e.g., the presence of both S and D waves
in Xð3872Þ → ρJ=ψ [4] or both P and F waves in
Xð3872Þ → π0χc2], we replace our nominal models by

phase space and take the maximum difference as a
systematic uncertainty. (7) Fitting uncertainties are evalu-
ated using two fit variations: zeroth- and first-order back-
ground polynomials and a signal shape that is widened by
20% to account for possible differences in mass resolution
between data and MC simulation. The significance of the
signal for Xð3872Þ → π0χc1 remains above 5σ for all
variations. The total systematic uncertainty is obtained
by adding the individual uncertainties in quadrature.
In summary, we use 9.0 fb−1 of eþe− collision data

with Ec:m: between 4.15 and 4.30 GeV to search for the pro-
cesses eþe− → γXð3872Þ with Xð3872Þ → π0χcJ. We
make the first observation of the process Xð3872Þ →
π0χc1, where the statistical significance is greater than
5σ for all systematic variations. Normalizing to eþe− →
γXð3872Þ with Xð3872Þ → πþπ−J=ψ , we determine the
ratio B(Xð3872Þ → π0χc1)=B(Xð3872Þ → πþπ−J=ψ) ¼
0.88þ0.33

−0.27 % 0.10. Upper limits (at the 90% C.L.) for the
corresponding ratios for the π0χc0 and π0χc2 decays are 19
and 1.1, respectively. Using B(Xð3872Þ → πþπ−J=ψ) >
3.3% (obtained by comparing exclusive [4] and inclusive
[29] Bþ decays) and B(Xð3872Þ → πþπ−J=ψ) < 6.4%
[obtained by assuming all measured Xð3872Þ decays add
to less than 100%], we find B(Xð3872Þ → π0χc1)∼
3%–6%. If the Xð3872Þ were the χc1ð2PÞ state of charmo-
nium, Ref. [10] predicts Γ(Xð3872Þ → π0χc1) ∼ 0.06 keV.
Combining this with our result, this would imply a total
width of the Xð3872Þ of only ∼1.0–2.0 keV, which would
be orders of magnitude smaller than all other observed
charmonium states. Therefore, our measurement disfavors
the cc̄ interpretation of the Xð3872Þ.
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FIG. 4. Distributions of π0χcJ mass, Mðπ0χcJÞ, from the
process eþe− → γπ0χcJ for (a) J ¼ 0, (b) J ¼ 1, and
(c) J ¼ 2. Points, lines, and histograms follow the same con-
vention as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged γ1 and
γ2 and cross feed among the search channels.

TABLE II. Relative systematic uncertainties on the ratio
B(Xð3872Þ → π0χcJ)=B(Xð3872Þ → πþπ−J=ψ) for J ¼ 0, 1,
2. All entries are in percent.

π0χc0 π0χc1 π0χc2

(1) Photon efficiencies 3.0 3.0 3.0
(2) Track efficiencies 2.0 2.0 2.0
(3) Input branching fractions 4.7 3.5 3.6
(4) Kinematic fit 4.6 4.6 4.6
(5) Ec:m: dependence of efficiency ratio 3.2 5.2 5.2
(6) MC decay models 8.2 8.1 2.3
(7) Fitting to determine signal yield 12.4 1.6 3.0

Total 17.0 11.9 9.4
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γH. The distribution of Mðγψ 0Þ as well as the fitting results
are shown in Fig. 1(b). The fit yields ð−1.1# 5.2Þ × 102

BF- and efficiency-corrected Xð3872Þ → γψ 0 events, cor-
responding to −0.9# 4.1 and −0.4# 1.6 ψ 0 → πþπ−J=ψ
and μþμ− events, respectively, and the goodness of the fit is
χ2=NDF ¼ 45.0=58ðp ¼ 0.89Þ. The UL of the number of
BF- and efficiency-corrected events is calculated to be
1.0 × 103 at the 90% C.L. This is obtained by integrating
the likelihood distribution of the fit as a function of signal
yield after it is convolved with a Gaussian distribution with
the width of the systematic uncertainty.
The ratio Rγψ can be determined from the above mea-

surements. By sampling the signal yields of Xð3872Þ →
γJ=ψ and Xð3872Þ → γψ 0 according to their likelihood
distributions, a probability distribution that depends on Rγψ
is obtained. After convolving this with a Gaussian distri-
bution representing the uncommon systematic uncertainty
between the two channels, the UL on Rγψ is determined to
be 0.59 at the 90% C.L.
We also perform fits where the signal contribution

is fixed to the expectation calculated from previous
measurements. We fix the cross section of eþe− →
γXð3872Þ; Xð3872Þ → πþπ−J=ψ production to the value
reported in Ref. [17] and take the relative ratio
fB½Xð3872Þ → γψ 0'g=fB½Xð3872Þ → πþπ−J=ψ 'g from a
global fit [25], or fix Xð3872Þ → γJ=ψ to our own
result and take Rγψ from an LHCb measurement [14]
and from a Belle measurement [16]. The results, also
shown in Fig. 1(b), have a goodness of fit of χ2=NDF ¼
46.9=59ðp ¼ 0.87Þ, 66.8=59ðp ¼ 0.23Þ, and 46.0=59

ðp ¼ 0.89Þ for the BESIII, LHCb, and Belle hypotheses,
respectively. Our result for Rγψ is 2.8σ lower than that
reported by the LHCb Collaboration, corresponding to a p
value of 0.0048 calculated with p ¼

R∞
0

R∞
R0

LðRÞGðR0Þ×
dRdR0, where LðRÞ is the likelihood distribution in this
Letter andGðRÞ is the Gaussian-assumed likelihood profile
of the uncertainty of LHCb measurement.
We consider the possibility of nonresonant three-

body production to the final states γD0D̄0 and π0D0D̄0,
in addition to the well-established decay Xð3872Þ →
D(0D̄0. We only search for Xð3872Þ with γLD0D̄0 because
the photon energy in Xð3872Þ → γD0D̄0 is always
lower than that in eþe− → γXð3872Þ. The mass spectra
MðγLD0D̄0Þ and Mðπ0D0D̄0Þ are shown in Fig. 2 for
the case when MðγL=π0DÞ lies in [Fig. 2(a)] or out of
[Fig. 2(b)] the D(0 mass region and when Mðπ0D0D̄0Þ lies
in this mass range [Fig. 2(c)]. We fit the three mass spectra
individually and use an efficiency matrix determined
from MC simulation that accounts for migrations of true
events between the mass ranges to determine the number
of produced events in each category. The signal yields
for nonresonant three-body Xð3872Þ → γD0D̄0 production
and the decay Xð3872Þ → D(0D̄0ðD(0 → γD0Þ are found
to be 1.3# 0.7 and 20.5# 7.4, respectively, and the corres-
ponding yields for Xð3872Þ → π0D0D̄0 and Xð3872Þ →
D(0D̄0ðD( → π0D0Þ decays are −0.5# 2.3 and 36.1#
7.7, respectively. The yields for the three-body decays are
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mass window. (c) Mðπ0D0D̄0Þ with Mðπ0D0Þ in the D(0 mass
window. Simultaneous fit results for Xð3872Þ → D(0D̄0 with
(d) D(0 → γD0 and (e) D(0 → π0D0 mode. (f) Fit results for
Xð3872Þ → γLDþD−. The points with error bars are from data,
the red curves are the best fit, and the blue dashed curves are the
background components.
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FIG. 1. (a) Fit results for Xð3872Þ → γJ=ψ for the μþμ− (top)
and eþe− (bottom) mode. (b) Fit results for Xð3872Þ → γψ 0 for
the πþπ−J=ψ (top) and μþμ− (bottom) mode. The points with
error bars are from data, the red curves are the best fit. In (b), the
rose-red dotted line represents the fit with the signal constrained
to the expectation using Xð3872Þ → πþπ−J=ψ based on the
relative ratios taken from a global fit [25]; the green dash-dotted
lines are using Xð3872Þ → γJ=ψ as the reference based on the
LHCb measurement [14], and the gray long dashed lines are
using Xð3872Þ → γJ=ψ as the reference based on the Belle
measurement [16].
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are shown in Fig. 1(b). The fit yields ð−1.1# 5.2Þ × 102

BF- and efficiency-corrected Xð3872Þ → γψ 0 events, cor-
responding to −0.9# 4.1 and −0.4# 1.6 ψ 0 → πþπ−J=ψ
and μþμ− events, respectively, and the goodness of the fit is
χ2=NDF ¼ 45.0=58ðp ¼ 0.89Þ. The UL of the number of
BF- and efficiency-corrected events is calculated to be
1.0 × 103 at the 90% C.L. This is obtained by integrating
the likelihood distribution of the fit as a function of signal
yield after it is convolved with a Gaussian distribution with
the width of the systematic uncertainty.
The ratio Rγψ can be determined from the above mea-

surements. By sampling the signal yields of Xð3872Þ →
γJ=ψ and Xð3872Þ → γψ 0 according to their likelihood
distributions, a probability distribution that depends on Rγψ
is obtained. After convolving this with a Gaussian distri-
bution representing the uncommon systematic uncertainty
between the two channels, the UL on Rγψ is determined to
be 0.59 at the 90% C.L.
We also perform fits where the signal contribution

is fixed to the expectation calculated from previous
measurements. We fix the cross section of eþe− →
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reported in Ref. [17] and take the relative ratio
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global fit [25], or fix Xð3872Þ → γJ=ψ to our own
result and take Rγψ from an LHCb measurement [14]
and from a Belle measurement [16]. The results, also
shown in Fig. 1(b), have a goodness of fit of χ2=NDF ¼
46.9=59ðp ¼ 0.87Þ, 66.8=59ðp ¼ 0.23Þ, and 46.0=59
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respectively. Our result for Rγψ is 2.8σ lower than that
reported by the LHCb Collaboration, corresponding to a p
value of 0.0048 calculated with p ¼
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dRdR0, where LðRÞ is the likelihood distribution in this
Letter andGðRÞ is the Gaussian-assumed likelihood profile
of the uncertainty of LHCb measurement.
We consider the possibility of nonresonant three-

body production to the final states γD0D̄0 and π0D0D̄0,
in addition to the well-established decay Xð3872Þ →
D(0D̄0. We only search for Xð3872Þ with γLD0D̄0 because
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the case when MðγL=π0DÞ lies in [Fig. 2(a)] or out of
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individually and use an efficiency matrix determined
from MC simulation that accounts for migrations of true
events between the mass ranges to determine the number
of produced events in each category. The signal yields
for nonresonant three-body Xð3872Þ → γD0D̄0 production
and the decay Xð3872Þ → D(0D̄0ðD(0 → γD0Þ are found
to be 1.3# 0.7 and 20.5# 7.4, respectively, and the corres-
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mass window. (c) Mðπ0D0D̄0Þ with Mðπ0D0Þ in the D(0 mass
window. Simultaneous fit results for Xð3872Þ → D(0D̄0 with
(d) D(0 → γD0 and (e) D(0 → π0D0 mode. (f) Fit results for
Xð3872Þ → γLDþD−. The points with error bars are from data,
the red curves are the best fit, and the blue dashed curves are the
background components.
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FIG. 1. (a) Fit results for Xð3872Þ → γJ=ψ for the μþμ− (top)
and eþe− (bottom) mode. (b) Fit results for Xð3872Þ → γψ 0 for
the πþπ−J=ψ (top) and μþμ− (bottom) mode. The points with
error bars are from data, the red curves are the best fit. In (b), the
rose-red dotted line represents the fit with the signal constrained
to the expectation using Xð3872Þ → πþπ−J=ψ based on the
relative ratios taken from a global fit [25]; the green dash-dotted
lines are using Xð3872Þ → γJ=ψ as the reference based on the
LHCb measurement [14], and the gray long dashed lines are
using Xð3872Þ → γJ=ψ as the reference based on the Belle
measurement [16].
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BESIII produces small numbers of the 
, but in a clean environment.

We established .

We can measure  branching 
fractions to a wide range of final states.

X(3872)

e+e− → Y → γX(3872)

X(3872)
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Since theZcð3900Þ0 is alsoobserved ineþe− → π0D$D̄ [19]
and its mass is close to the mass threshold of D$D̄, we also
perform an alternative fit by parametrizing the Zcð3900Þ0
with a Flatté formula as those for eþe− → πþπ−J=ψ [14].
The fit results are not sensitive enough to determine the
coupling constants gπ0J=ψ and gD$D̄. However, if the ratio
gD$D̄=gπ0J=ψ is fixed to the value reported in Ref. [14], the fit

gives a comparable description of the data as the nominal
case. We try to improve the fit toMπ0J=ψ projections around
3.4 GeV by adding a possible new Z state around 3.4 GeV,
substituting the π0π0 − S waves with K-matrix approach
[35], adding the contribution of direct three-body decays
and/or f2ð1270Þ. However, none of these tests make a big
difference due to the limited statistics.
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FIG. 2. (Left column) Dalitz plots of M2
π0J=ψ versus M2

π0π0
, invariant-mass projections (middle column) Mπ0J=ψ and (right column)

Mπ0π0 of the results of the nominal PWA for data samples
ffiffiffi
s

p
¼ 4.226–4.258 GeV. Points with errors are data, red solid curves are the

total fit results, the blue dashed (magenta long-dashed) curves represent Zcð3900Þ0 (π0π0-S wave) components, and green shaded
histograms represent the estimated backgrounds. Each event appears twice in the Dalitz plots and Mπ0J=ψ distributions. The χ2=ndf is
calculated by merging those bins with less than 10 events in the Dalitz plots.
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and its mass is close to the mass threshold of D$D̄, we also
perform an alternative fit by parametrizing the Zcð3900Þ0
with a Flatté formula as those for eþe− → πþπ−J=ψ [14].
The fit results are not sensitive enough to determine the
coupling constants gπ0J=ψ and gD$D̄. However, if the ratio
gD$D̄=gπ0J=ψ is fixed to the value reported in Ref. [14], the fit

gives a comparable description of the data as the nominal
case. We try to improve the fit toMπ0J=ψ projections around
3.4 GeV by adding a possible new Z state around 3.4 GeV,
substituting the π0π0 − S waves with K-matrix approach
[35], adding the contribution of direct three-body decays
and/or f2ð1270Þ. However, none of these tests make a big
difference due to the limited statistics.
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π0J=ψ versus M2

π0π0
, invariant-mass projections (middle column) Mπ0J=ψ and (right column)

Mπ0π0 of the results of the nominal PWA for data samples
ffiffiffi
s

p
¼ 4.226–4.258 GeV. Points with errors are data, red solid curves are the

total fit results, the blue dashed (magenta long-dashed) curves represent Zcð3900Þ0 (π0π0-S wave) components, and green shaded
histograms represent the estimated backgrounds. Each event appears twice in the Dalitz plots and Mπ0J=ψ distributions. The χ2=ndf is
calculated by merging those bins with less than 10 events in the Dalitz plots.
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mass-constrained kinematic fit (KF) to the nominalD mass
is performed, and the KF chi square χ2D is required to be less
than 100. In case there is more than oneDD̄ combination in
an event, only the candidate with the minimum sum of
χ2D þ χ2D̄ is kept. The DD̄ four-momenta from the mass-
constrained KF are used for the further analysis.
The primary π0 candidates are reconstructed with pairs

of photons which are not used in forming the DD̄ mesons,
and their invariant masses MðγγÞ must be in the range
ð0.120; 0.150Þ GeV=c2. To reduce backgrounds and to
improve the resolution, a KF with 2 degrees of freedom
(2C) is performed, constraining MðγγÞ to the nominal π0

mass mðπ0Þ and the recoil mass of π0DD̄, RMðπ0DD̄Þ, to
the nominal π mass. The 2C KF chi square χ22CðπÞ must be
less than 200. For each DD̄ mode, if there is more than one
primary π0 candidate, the one with the minimum χ2C2ðπÞ is
retained for further analysis. For eþe− → D0D̄$0π0 with
D̄$0 → D̄0π0, the process eþe− → D0D̄$0π0 with D̄$0 →
D̄0γ is a major background. To reject this background,
we require χ22Cðπ0Þ < 60. We also perform a similar 2C KF
but constrain RMðπ0D0D̄0Þ to be zero, which corresponds
to the mass of the photon in D̄$0 → D̄0γ, and the corre-
sponding fit chi square is required to satisfy χ22CðγÞ > 20
to further suppress this background. The fitted four-
momentum of the primary π0 is used in the next stage
of the analysis.
In the surviving events, the occurrence of multiple

ðDD̄$Þ0π0 combinations per event is negligible. To help
separate the signal events, we require MðDþπ0Þ >
2.1 GeV=c2 and MðD0π0Þ > 2.1 GeV=c2 [25]. Because
of the limited phase space, the invariant mass of
Dþπ0ðD0π0Þ and that of D̄0π0 are highly correlated, and
the background with the selected π0 and D̄0 from the D̄$0

decay is suppressed by the above selection criteria, too. The
RMðDπ0Þ distributions are illustrated in Fig. 1, where clear
peaks are seen over simulated backgrounds around the
mðD$Þ position. These peaks correspond to the final states
of ðDD̄$Þ0π0. We further require events to be within the

mass window jRMðDπ0Þ −mðD$Þj < 36 MeV=c2 for the
final analysis.
The MðDD̄$Þ distribution of the surviving events is

plotted in Fig. 2. An enhancement near the DD̄$ mass
threshold around 3.9 GeV=c2 is visible, which is seen in
both DþD$−π0 and D0D̄$0π0 at

ffiffiffi
s

p
¼ 4.226 and

4.257 GeV. As verified in MC simulations, these structures
cannot be attributed to the eþe− → ðDD̄$Þ0π0 three body
PHSP or inclusive MC background. Possible backgrounds
from eþe− → Dð$ÞD̄$$ → DD̄$π have been studied. Most
of them, such as D$D̄$ð2400Þ, DD̄$ð2460Þ, and
D$D̄$ð2420Þ cannot contribute to the selected events since
their mass thresholds are higher than 4.26 GeV=c2. The
only possible peaking background eþe− → Dð$ÞD̄1ð2420Þ
has been studied in Ref. [5], and its contribution is found to
be negligible.
Assuming that there is a resonant structure close to the

DD̄$ mass threshold [labeled as Zcð3885Þ0], we model its
line shape using a relativistic S-wave Breit-Wigner function
with a mass-dependent width multiplied with a phase space
factor q,

""""
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energy points above.
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select the Dþ candidates. We use events in 30 MeV=c2-
wide sideband regions centered at 40 MeV=c2 above
and below the D mass peaks to evaluate non-D meson
backgrounds.
Figure 1(a) shows the distribution of masses recoiling

against the detected πþD0 system [23], where a prominent
peak at mD"− is evident. The solid-line histogram shows the
same distribution for MC-simulated eþe− → πþD0D"−,
D0 → K−πþ three-body phase-space events. Because of
the limited phase space, some events from the isospin part-
ner decay πþZcð3885Þ−, Zcð3885Þ− → D−D"0, where the
detected D0 is from the D"0 decay, also peak near mD"−, as
shown by the dashed histogram for MC-simulated
eþe− → πþZcð3885Þ−, Zcð3885Þ− → D−D"0, D"0 → γ
or π0D0 decays with the mass and width of the
Zcð3885Þ set to our final measured values. Since the
DD̄" invariant mass distribution is equivalent to the bach-
elor pion recoil mass spectrum, the shape of the
Zcð3885Þ → DD̄" signal peak is not sensitive to the parent-
age of the D meson that is used for the event tagging.
Figure 1(b) shows the corresponding plot for π−Dþ-tag
events, where the solid histogram shows the contribution
from MC-simulated eþe− → π−DþD̄"0 three-body
phase-space events and the dashed histogram shows the
cross feed from MC-simulated eþe− → π−Zcð3885Þþ,
Zcð3885Þþ → D̄0D"þ, D"þ → π0Dþ events.
We apply a two-constraint (2C) kinematic fit to the

selected events that constrains the invariant mass of the
D0 (Dþ) candidate to be equal to mD0 (mDþ) and the mass
recoiling from the πþD0 (π−Dþ) to be equal to mD"−

(mD̄"0). If there is more than one bachelor pion candidate
in an event, we retain the one with the smallest χ2 from
the 2C fit. Events with χ2 < 30 are retained for further
analysis. For the πþD0-tag analysis, we require
MðπþD0Þ > 2.02 GeV=c2 to reject eþe− → D"þD"−,
D"þ → πþD0 events. Figure 2(a) [2(b)] shows the distribu-
tion ofD0D"− (DþD̄"0) invariant masses recoiling from the
bachelor pion for the πþD0- (π−Dþ-) tag events. Both dis-
tributions have a distinct peak near the mD þmD̄" mass
threshold. For cross-feed events, the reconstructed D
meson is not, in fact, recoiling from a D̄", and the efficiency
for these events decreases with increasing DD̄" 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) and 2(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 assume S waves for Zcð3885Þ production and decay,
and leave the Zcð3885Þ 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 than 1 MeV=c2 and
ignored. For the default nonpeaking background, we
use: fbkgðmDD̄" Þ∝ ðmDD̄" −MminÞcðMmax−mDD̄"Þd, where
Mmin and Mmax are the minimum and maximum kinemat-
ically allowed masses, respectively, and c and d are free
parameters.
The solid curves in Fig. 2 show the fit results and the

dashed curves show the nonresonant background. The
Zcð3885Þ signal significance for each fit is greater than
18σ. The fitted BW mass and width from the πþD0

(π−Dþ)-tag sample are 3889:2% 1.8 MeV=c2 and 28:1%
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 quantities P ¼ Mpole − iΓpole=2 for which the BW
denominators are zero, and useMpole and Γpole to character-
ize the Zcð3885Þ. These are listed in Table I.
Monte Carlo studies indicate that the process

eþe− → DD̄1ð2420Þ, D̄1ð2420Þ → D̄"π, where D1ð2420Þ
is the lightest established D"π resonance with
MD1

¼ 2421:3% 0.6 MeV=c2 and ΓD1
¼ 27:1%

2.7 MeV [6], would produce a near-threshold reflection
peak in the DD̄" mass distribution. The D1ð2420Þ peak
mass is 30 MeV=c2 above the

ffiffiffi
s

p −mD kinematic boun-
dary, which suggests that contributions from DD̄1ð2420Þ
final states would be small. However, some models for
the Yð4260Þ attribute it to a bound DD̄1 molecular state
[13], in which case subthreshold D̄1 → D̄"π decays
might be important and, possibly, produce a reflection peak
in the DD̄" mass distribution that mimics a Zcð3885Þ
signal.
We study this possibility by separating the events into

two samples according to j cos θπDj > 0.5 and

FIG. 2 (color online). The (a) MðD0D"−Þ and
(b) MðDþD̄"0Þ distributions for selected events. The curves
are described in the text.

TABLE I. The pole mass Mpole and width Γpole, signal yields
and fit quality (χ2=ndf) for the two tag samples.

Tag Mpole ðMeV=c2Þ Γpole (MeV) Zc signal (evts) χ2=ndf

πþD0 3882:3% 1.5 24:6% 3.3 502% 41 54=54
π−Dþ 3885:5% 1.5 24:9% 3.2 710% 54 60=54
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e+e− → πZc(3900)

e+e− → π±(π∓J/ψ) e+e− → π0(π0J/ψ)

e+e− → π0(DD̄*)0e+e− → π±(DD̄*)∓

is a kinematic factor with ki being the magnitude of the
three-vector momentum of the final state particle (J=ψ orD)
in the Zc rest frame; and g01 and g

0
2 are the coupling strengths

of Z!
c → π!J=ψ and Z!

c → ðDD̄#Þ!, respectively, which
will be determined by the fit to the data.
To describe the πþπ− mass spectrum, four resonances, σ,

f0ð980Þ, f2ð1270Þ, and f0ð1370Þ, are introduced. f0ð980Þ
is described with a Flatté formula [25], and the others are
described with relativistic Breit-Wigner (BW) functions.
The width of the wide resonance σ is parametrized
with ΓσðsÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð4m2

π=sÞ
p

Γ [26,27], and the masses
and widths for the f2ð1270Þ and f0ð1370Þ 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 ðlogLÞ values between
including and excluding this resonance in the fits, and the
probability is calculated under the χ2 distribution hypoth-
esis taking the change of the number of degrees of freedom
ΔðndfÞ into account. With this procedure, the statistical
significance of each of these states and the nonresonant
process is estimated to be larger than 5σ. All of them are
therefore included in the nominal fit, which includes
the eþe−→σJ=ψ , f0J=ψ , f0ð1370ÞJ=ψ , f2ð1270ÞJ=ψ ,
Z!
c π∓, 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 describing Zc decays. The oppositely
charged Zc states are regarded as isospin partners; they
share a common mass and coupling parameters g01 and g02.
Figure 1 shows projections of the fit results at

ffiffiffi
s

p
¼ 4.23

and 4.26 GeV, with a fit goodness of the Dalitz plot
χ2=ndf ¼ 1.3 and 1.2, respectively. The mass of Z!

c is
measured to beMZc

¼ ð3901.5! 2.7statÞ MeV=c2, and the
coupling parameters g01 ¼ ð0.075! 0.006statÞ GeV2 and
g02=g

0
1 ¼ 27.1! 2.0stat. This measurement is consistent

with the previous result g02=g
0
1 ¼ 27.1! 13.1 estimated

based on the measured decay width ratio ΓðZ!
c →

ðDD̄#Þ!Þ=ΓðZ!
c → J=ψπ!Þ ¼ 6.2! 2.9 [10]. If the Z!

c
is parametrized as a constant-width BW function,
the simultaneous fit gives a mass of ð3897.6!
1.2statÞ MeV=c2 and a width of ð43.5! 1.5statÞ MeV, but
the value of − lnL increases by 22 with ΔðndfÞ ¼ 1. The
BW parametrization is thus disfavored with a significance
of 6.6σ.
Figure 2 shows the polar angle (θZ!

c
) distribution of Z!

c in
the process eþe− → Zþ

c π− þ c:c: and the helicity angle
ðθJ=ψ Þ distribution in the decay Z!

c → π!J=ψ for the

FIG. 1. Projections to mπþπ− (a),(c) and mJ=ψπ! (b),(d) of the fit results with JP ¼ 1þ for the Zc, at
ffiffiffi
s

p
¼ 4.23 GeV (a),(b) andffiffiffi

s
p

¼ 4.26 GeV (c),(d). The points with error bars are data, and the black histograms are the total fit results including backgrounds. The
shaded histogram denotes backgrounds. The contributions from the πþπ−S-wave J=ψ , f2ð1270ÞJ=ψ , and Z!

c π∓ are shown in the plots. The
πþπ−S-wave resonances include the σ, f0ð980Þ, and f0ð1370Þ. Plots (b) and (d) are filled with two entries (mJ=ψπþ and mJ=ψπ− ) per event.
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background shapes (δbkg) are estimated by changing the
background function from a first-order to a second-order
polynomial; the uncertainty from the mass resolution (δres)
is estimated by varying the mass resolution difference
between data and MC simulation by 1 standard deviation;
the uncertainty from fit range (δfit) is estimated by extend-
ing the fit range; the uncertainty from the π0π0hc sub-
structure (δsub) is estimated by considering the efficiency
with and without the inclusion of a Zcð4020Þ0. The
contribution from each source of systematic error are listed
in Table II.
Assuming all of the above uncertainties are independent,

the total systematic uncertainties in the eþe− → π0π0hc
cross section measurements are determined to be between
10% and 13%. The uncertainty in Bðhc → γηcÞ, not listed
in Table II but common to all CME points, is 15.7% [16]
and is quoted separately in the cross section measurement.
Intermediate states are studied by examining the Mrecoil

π0

distribution (which corresponds to the reconstructed π0hc
invariant mass) for the selected π0π0hc candidate events.
The hc signal events are selected by requiringMrecoil

π0π0 in the
range of [3.51, 3.55], and events in the sideband regions
[3.45, 3.49] and [3.57, 3.61] are used to study the

background. From the two combinations of the π0 recoil
mass in each event, we retain the one with the larger π0

recoil mass value, and denote this as Mrecoil
π0 jmax. Figure 2

shows the Mrecoil
π0 jmax distribution for the signal events

where there is an obvious peak near 4.02 GeV=c2, which
corresponds to the expected position of a Zcð4020Þ0 signal.
An unbinned maximum likelihood fit is applied to the

Mrecoil
π0 jmax distribution summed over all 16 ηc decay modes.

The data at
ffiffiffi
s

p
¼ 4.23, 4.26, and 4.36 GeV are fitted

simultaneously with the same signal function with common
mass and width. The signal shape is parametrized with a
constant-width relativistic Breit-Wigner function con-
volved with a Gaussian-distributed mass resolution, where
the mass resolution is determined from a fit to a MC sample
with the width set to zero. Because of the limited statistics
of the Zcð4020Þ0 signal, its width is fixed to that of its
charged partner, ð7.9% 2.6Þ MeV [4]. Assuming the spin
and parity of the Zcð4020Þ0 are 1þ, a phase space factor
pq3 is included in the partial width, where p is the
Zcð4020Þ0 momentum in the eþe− rest frame and q is
the hc momentum in the Zcð4020Þ0 rest frame.
There are two types of backgrounds in the Mrecoil

π0 jmax

distribution. One is the non-hc background in the hc signal
region, which can be represented by the hc sideband events,
and the other is the non-Zcð4020Þ0 π0π0hc events that may
come from three-body π0π0hc decays or from production of
intermediate scalar states, such as the f0ð980Þ, that decay
into π0π0. Since the widths of the low-mass scalar particles
are large, these non-Zcð4020Þ0 π0π0hc events can be
reasonably well described with a phase space distribution.
For the non-hc background, a comparison of the hc side-
band events with the simulated phase space events indicates
that it can also be described with a three-body phase space
distribution. Thus, in the fit all of the background sources
are described with a single MC-simulated phase space
shape with a total normalization that is left as a free
parameter. In the fit, the signal shape mentioned above is
multiplied by the efficiency, which depends on Mrecoil

π0 jmax.
Interference between the signal and background is
neglected.
The solid curve in Fig. 2 shows the fit results, which

yields a Zcð4020Þ0 mass of 4023.9% 2.2 MeV=c2. The
mass difference between neutral and charged Zcð4020Þ is
1.0% 2.3ðstatÞ MeV=c2, which agrees with zero within
error. By projecting the events into a histogram with 50
bins, the goodness of the fit is calculated from the

TABLE II. The systematic uncertainties (%) in σBðeþe− → π0π0hcÞ.
ffiffiffi
s

p
(GeV) δL δfit δres δbkg δηc−mass δsub δISR δVac δϵiBðηc→XiÞ

4.230 1.0 1.3 0.9 5.9 1.6 2.1 2.2 0.5 7.2
4.260 1.0 0.9 0.4 9.5 4.8 1.6 2.3 0.5 7.3
4.360 1.0 1.0 0.1 7.1 4.6 0.6 0.4 0.5 7.2
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FIG. 2 (color online). Sum of the simultaneous fit to the
Mrecoil

π0 jmax distribution at
ffiffiffi
s

p
¼ 4.23, 4.26, and 4.36 GeV as

described in the text. Dots with errors bars are data; the green
shaded histogram shows the normalized hc sideband events; the
black dashed curve is the background from the fit; the red
histogram shows the result from a phase space MC simulation.
The solid blue line shows the total fit.
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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) and 3(c), the WS events with a scaling factor of
1.9 well represent the combinatorial backgrounds in the
recoil mass spectra of the bachelor π−. This scaling is
verified by an analysis of the inclusive MC data.
Backgrounds from the soft π− from D!− decays in the
eþe− → D!þD!−ðπ0; γISRÞ processes are not well
described by the WS background; its RMðπ−Þ distribution
peaks in the region above 4.1 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!þD̄!0π− final states within the signal region
ð2.135; 2.175Þ GeV=c2 in Fig. 3(a) are selected and dis-
played in Fig. 4. The enhancement cannot be attributed to
the PHSP eþe− → D!þD̄!0π− process. We simulate the
processes of eþe− → D!!D̄ð!Þ; D!! → Dð!ÞπðπÞ, where
D!! denotes neutral and charged highly excited D states,
such as D!

0ð2400Þ, D1ð2420Þ, D1ð2430Þ, and D!
2ð2460Þ.

Among these processes, only those with D!þD̄!0π− 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 π− recoil mass
spectra for these simulated events is seen in Fig. 4. Since
the energy

ffiffiffi
s

p
¼ 4.26 GeV is much lower than the pro-

duction thresholds of D!!D̄!, we neglect the possibility of
backgrounds relevant to D!!D̄! processes.
The observed enhancement is very close to the

mðD!þÞ þmðD̄!0Þ mass threshold. We assume that the
enhancement is due to a particle, labeled as Zþ

c ð4025Þ, and
parameterize its line shape by the product of an S-wave
Breit-Wigner (BW) shape and a phase space factor p · q

""""
1

M2 −m2 þ imΓ=c2

""""
2

· p · q: (1)

Here,M is the reconstructed mass;m is the resonance mass;
Γ is the width; pðqÞ is the D!þðπ−Þ momentum in the rest
frame of the D!þD̄!0 system (the initial eþe− system).
The signal yield of Zþ

c ð4025Þ is estimated by an
unbinned maximum likelihood fit to the spectrum of
RMðπ−Þ. The fit results are shown in Fig. 4. Possible
interference between the Zþ

c ð4025Þ signals and the PHSP
processes is neglected. The Zþ

c ð4025Þ 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 about 2 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 of m and Γ in
Eq. (1) are determined to be

mðZþ
c ð4025ÞÞ ¼ ð4026.3& 2.6Þ MeV=c2;

ΓðZþ
c ð4025ÞÞ ¼ ð24.8& 5.6Þ MeV:

A goodness-of-fit test gives a χ2=d.o.f. ¼ 30.4=33 ¼ 0.92.
The Zþ

c ð4025Þ signal is observed with a statistical signifi-
cance of 13σ, 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 10σ.
The Born cross section is determined from

σ ¼ ðnsig=Lð1þ δÞεBÞ, where nsig is the number of
observed signal events, L is the integrated luminosity, ε
is the detection efficiency, 1þ δ is the radiative correction
factor, and B is the branching fraction ofD!þ → Dþðπ0; γÞ,
Dþ → K−πþπþ. From the fit results, we obtain 560.1&
30.6 D!þD̄!0π− events, among which 400.9& 47.3 events
are Zþ

c ð4025Þ candidates. With the input of the observed
center-of-mass energy dependence of σðD!þD̄!0π−Þ, the
radiative correction factor is calculated to second order in
QED [22] to be 0.78& 0.03. The efficiency for
the Zþ

c ð4025Þ signal process is determined to be 23.5%,
while the efficiency of the PHSP signal process is 17.4%.
The total cross section σðeþe− → ðD!D̄!Þ∓π&Þ is mea-
sured to be ð137& 9Þpb, and the ratio R ¼ ðσðeþe− →
Z&
c ð4025Þπ∓ → ðD!D̄!Þ&π∓Þ=σðeþe− → ðD!D̄!Þ&π∓ÞÞ

is determined to be 0.65& 0.09.
Sources of systematic error on the measurement of the

Zþ
c ð4025Þ resonance parameters and the cross section are

listed in Table I. The main sources of systematic uncer-
tainties relevant for determining the Zþ

c ð4025Þ resonance
parameters and the ratio R include the mass scale, the signal
shape, background models, and potentialD!! backgrounds.
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FIG. 4 (color online). Unbinned maximum likelihood fit to the
π− recoil mass spectrum in data. See the text for a detailed
description of the various components that are used in the fit. The
scale of the D!D!! shape is arbitrary.
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e+e− → πZc(4020)

e+e− → π±(π∓hc) e+e− → π0(π0hc)

e+e− → π±(D*D̄*)∓ e+e− → π0(D*D̄*)0

Gaussian with a mass resolution determined from the data
directly. Assuming the spin parity of the Zcð4020Þ JP ¼
1þ, a phase space factor pq3 is considered in the partial
width, where p is the Zcð4020Þ momentum in the eþe%

c.m. frame and q is the hc momentum in the Zcð4020Þ c.m.
frame. The background shape is parametrized as an
ARGUS function [18]. The efficiency curve is considered
in the fit, but possible interferences between the signal and
background are neglected. Figure 4 shows the fit results;
the fit yields a mass of ð4022:9& 0:8Þ MeV=c2 and a width
of ð7:9& 2:7Þ MeV. The goodness of fit is found to be
!2=n:d:f: ¼ 27:3=32 ¼ 0:85 by projecting the events into

a histogram with 46 bins. The statistical significance of the
Zcð4020Þ signal is calculated by comparing the fit like-
lihoods with and without the signal. Besides the nominal
fit, the fit is also performed by changing the fit range, the
signal shape, or the background shape. In all cases, the
significance is found to be greater than 8:9".
The numbers of Zcð4020Þ events are determined to be

N½Zcð4020Þ&( ¼ 114& 25, 72& 17, and 67& 15 at 4.23,
4.26, and 4.36 GeV, respectively. The cross sections are
calculated to be"½eþe% ! #&Zcð4020Þ) ! #þ#%hc( ¼
ð8:7& 1:9& 2:8& 1:4Þ pb at 4.23 GeV, ð7:4&1:7&2:1&
1:2Þ pb at 4.26 GeV, and ð10:3& 2:3& 3:1& 1:6Þ pb at
4.36 GeV, where the first errors are statistical, the second
ones systematic (described in detail below), and the third
ones from the uncertainty in Bðhc ! $%cÞ [14]. The
Zcð4020Þ production rate is uniform at these three energy
points.
Adding a Zcð3900Þ with the mass and width fixed to the

BESIII measurement [1] in the fit results in a statistical
significance of 2:1" (see the inset in Fig. 4). We set upper
limits on the production cross sections as "½eþe% !
#&Zcð3900Þ) ! #þ#%hc(< 13 pb at 4.23 GeV and
<11 pb at 4.26 GeV, at the 90% confidence level (C.L.).
The probability density function from the fit 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 fit the 4.36 GeV data, as the
Zcð3900Þ signal overlaps with the reflection of the
Zcð4020Þ signal.
The systematic errors for the resonance parameters of

the Zcð4020Þ come from the mass calibration, parametri-
zation of the signal and background shapes, possible exis-
tence of the Zcð3900Þ and interference with it, fitting range,
efficiency curve, and mass resolution. The uncertainty
from the mass calibration is estimated by using the differ-
ence between the measured and known hc masses and D0

masses (reconstructed from K%#þ). The differences are
(2:1& 0:4) and %ð0:7& 0:2Þ MeV=c2, respectively. Since
our signal topology has one low momentum pion and many
tracks from the hc 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 the Zcð4020Þ, and, assuming that
contributions from D wave or higher are negligible, the
only alternative is JP ¼ 1% for the Zcð4020Þ. A fit under
this scenario yields a mass difference of 0:2 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 fit range. A difference
of 0:1 MeV=c2 for the mass is found from the former, and
differences of 0:2 MeV=c2 for mass and 1.1MeV 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

)2(GeV/c
ch±πM

3.7 3.8 3.9 4.0 4.1 4.2

 )2
E

ve
nt

s /
 (0

.0
05

 G
eV

/c

0

20

40

60

80

100

120

FIG. 3 (color online). M#&hc distribution of e
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candidate events in the hc signal region (dots with error bars) and
the normalized hc sideband region (shaded histogram), summed
over data at all energy points.

)2(GeV/c
ch±πM

)2
E

ve
nt

s/
(0

.0
05

 G
eV

/c

)2(GeV/c
ch+πM

3.8 3.9 4.0 4.1

)2
E

ve
nt

s/
(0

.0
05

 G
eV

/c

0

10

20

30

40

50

0

20

40

60

80

100

120

3.95 4.00 4.05 4.10 4.15 4.20 4.25

FIG. 4 (color online). Sum of the simultaneous fits to the
M#&hc distributions at 4.23, 4.26, and 4.36 GeV as described in

the text; the inset shows the sum of the simultaneous fit to the
M#þhc distributions at 4.23 and 4.26 GeV with Zcð3900Þ and

Zcð4020Þ. Dots with error bars are data; shaded histograms are
the normalized sideband background; the solid curves show the
total fit, and the dotted curves the backgrounds from the fit.
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!!!!
1

M2 −m2 − im½Γ1ðMÞ þ Γ2ðMÞ%=c2

!!!!
2

pkqk;

and ΓkðMÞ ¼ fkΓ
pk

p'
k

m
M

ðk ¼ 1; 2Þ:

Here, k ¼ 1 and 2 denote the neutral channel
Zcð4025Þ0 → D'0D̄'0 and the charged channel
Zcð4025Þ0 → D'þD'−, respectively. fk is the ratio of the
partial decay width for channel k. M is the reconstructed
mass, m is the resonance mass, and Γ is the resonance
width. pkðqkÞ is the D'ðπ0Þ momentum in the rest frame
of the D'D̄' system (the initial eþe− system) and p'

k is
the momentum of D' in the Zcð4025Þ0 rest frame at
M ¼ m. We assume that the Zcð4025Þ0 decay rates to the
neutral channel and the charged channel are equal, i.e.,
fk ¼ 0.5, based on isospin symmetry.
We perform a simultaneous unbinned maximum like-

lihood fit to the spectra of RMðπ0Þ at
ffiffiffi
s

p
¼ 4.23 and

4.26 GeV. The signal shapes are taken as convolutions
of the efficiency-weighted Breit-Wigner functions with
resolution functions obtained from MC simulations. The
detector resolutions are 4 MeV at

ffiffiffi
s

p
¼ 4.23 GeV and

4.5 MeV at
ffiffiffi
s

p
¼ 4.26 GeV. Backgrounds are modeled

with kernel-estimated nonparametric shapes [33] based
on the inclusive MC simulations, and their magnitudes
are fixed according to the simulations since the inclusive
MC samples well describe the background. The shape of

the PHSP process is adopted from MC simulations. We
combine the data at

ffiffiffi
s

p
¼ 4.23 GeV and

ffiffiffi
s

p
¼ 4.26 GeV

together, as shown in Fig. 2. The fit determines m
and Γ to be ð4031.7(2.1ÞMeV=c2 and ð25.9(8.8ÞMeV,
respectively. The corresponding pole position
mpole(Zcð4025Þ0) − i½Γpole(Zcð4025Þ0)=2% is calculated
to be

mpole(Zcð4025Þ0) ¼ ð4025.5þ2.0
−4.7Þ MeV=c2;

Γpole(Zcð4025Þ0) ¼ ð23.0( 6.0Þ MeV:

The significance with systematic errors is estimated by
comparing the likelihoods of the fits with and without the
Zcð4025Þ0 signal component included. The likelihood
difference is 2Δ lnL ¼ 45.3 and the difference of the
number of free parameters is 4. When the systematic
uncertainties are taken into account with the assumption
of Gaussian distribution, the significance is estimated to
be 5.9σ.
The Born cross section σ(eþe− → Zcð4025Þ0π0 →

ðD'0D̄'0 þD'þD'−Þπ0) is calculated from the equation

σ ¼
nsig

Lðf1B1ε1 þ f2B2ε2Þð1þ δÞð1þ δvacÞ
;

where L is the integrated luminosity, ε1 (ε2) is the detection
efficiency of the neutral (charged) channel, f1 (f2) is
the ratio of the cross section of the neutral (charged)
channel to the sum of both channels, B1 (B2) is the product
branching fraction of the neutral (charged)D' decays to the
final states we detected. ð1þ δÞ is the radiative correction
factor and ð1þ δvacÞ is the vacuum polarization factor.
From the simultaneous fit, we obtain 69.5( 9.2 signal
events at

ffiffiffi
s

p
¼ 4.23 GeV and 46.1( 8.5 signal events atffiffiffi

s
p

¼ 4.26 GeV. ð1þ δÞ is calculated to be 0.744 at
ffiffiffi
s

p
¼

4.23 GeV and 0.793 at
ffiffiffi
s

p
¼ 4.26 GeV to the second order

in QED [34], where the input line shape of the cross section
is assumed to be the same as for eþe− → ðD'D̄'Þþπ−, as
extracted directly from BESIII data. ð1þ δvacÞ is given as
1.054 following the formula in Ref. [35]. The efficiency ε1
(ε2) is determined to be 1.49% (3.87%) at

ffiffiffi
s

p
¼ 4.23 GeV

and 1.84% (4.37%) at
ffiffiffi
s

p
¼ 4.26 GeV. Thus, the cross

sections are measured to be ð61.6( 8.2Þ pb and ð43.4(
8.0Þ pb at

ffiffiffi
s

p
¼ 4.23 and 4.26 GeV, respectively. The

contribution of the PHSP process is found to be negligible
according to the fit.
Sources of systematic uncertainties in the measurement

of the Zcð4025Þ0 resonance parameters and cross sections
are listed in Table I. Uncertainties of tracking and PID
are each 1% per track [36]. The uncertainty of the π0

reconstruction efficiency is 4% [37]. We study the photon
veto by fitting the recoil mass of Dπ0 with and without this
veto in selecting the control sample of eþe− → ðD'D̄'Þ0π0
in the data. The efficiency-corrected signal yields are used
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FIG. 2 (color online). Fits to RMðπ0Þ. (a) A fit to the back-
ground, PHSP, and Zcð4025Þ0 signal process for the combination
of all data (main panel), and the two collision energies separately
(insets). (b) Fits using only the inclusive background and PHSP.
The points with error bars are the data, the solid line is the sum
of fit functions, the dotted line stands for the Zcð4025Þ0 signals,
the filled area represents the inclusive backgrounds, and the
dash-dotted line is the PHSP process.
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XYZ at BESIII:  (3) Access the  with  Zc e+e− → Y → πZc

25

(  means )Zc IGJPC = 1+1+−

Since theZcð3900Þ0 is alsoobserved ineþe− → π0D$D̄ [19]
and its mass is close to the mass threshold of D$D̄, we also
perform an alternative fit by parametrizing the Zcð3900Þ0
with a Flatté formula as those for eþe− → πþπ−J=ψ [14].
The fit results are not sensitive enough to determine the
coupling constants gπ0J=ψ and gD$D̄. However, if the ratio
gD$D̄=gπ0J=ψ is fixed to the value reported in Ref. [14], the fit

gives a comparable description of the data as the nominal
case. We try to improve the fit toMπ0J=ψ projections around
3.4 GeV by adding a possible new Z state around 3.4 GeV,
substituting the π0π0 − S waves with K-matrix approach
[35], adding the contribution of direct three-body decays
and/or f2ð1270Þ. However, none of these tests make a big
difference due to the limited statistics.
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FIG. 2. (Left column) Dalitz plots of M2
π0J=ψ versus M2

π0π0
, invariant-mass projections (middle column) Mπ0J=ψ and (right column)

Mπ0π0 of the results of the nominal PWA for data samples
ffiffiffi
s

p
¼ 4.226–4.258 GeV. Points with errors are data, red solid curves are the

total fit results, the blue dashed (magenta long-dashed) curves represent Zcð3900Þ0 (π0π0-S wave) components, and green shaded
histograms represent the estimated backgrounds. Each event appears twice in the Dalitz plots and Mπ0J=ψ distributions. The χ2=ndf is
calculated by merging those bins with less than 10 events in the Dalitz plots.
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Since theZcð3900Þ0 is alsoobserved ineþe− → π0D$D̄ [19]
and its mass is close to the mass threshold of D$D̄, we also
perform an alternative fit by parametrizing the Zcð3900Þ0
with a Flatté formula as those for eþe− → πþπ−J=ψ [14].
The fit results are not sensitive enough to determine the
coupling constants gπ0J=ψ and gD$D̄. However, if the ratio
gD$D̄=gπ0J=ψ is fixed to the value reported in Ref. [14], the fit

gives a comparable description of the data as the nominal
case. We try to improve the fit toMπ0J=ψ projections around
3.4 GeV by adding a possible new Z state around 3.4 GeV,
substituting the π0π0 − S waves with K-matrix approach
[35], adding the contribution of direct three-body decays
and/or f2ð1270Þ. However, none of these tests make a big
difference due to the limited statistics.
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π0J=ψ versus M2

π0π0
, invariant-mass projections (middle column) Mπ0J=ψ and (right column)

Mπ0π0 of the results of the nominal PWA for data samples
ffiffiffi
s

p
¼ 4.226–4.258 GeV. Points with errors are data, red solid curves are the

total fit results, the blue dashed (magenta long-dashed) curves represent Zcð3900Þ0 (π0π0-S wave) components, and green shaded
histograms represent the estimated backgrounds. Each event appears twice in the Dalitz plots and Mπ0J=ψ distributions. The χ2=ndf is
calculated by merging those bins with less than 10 events in the Dalitz plots.
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mass-constrained kinematic fit (KF) to the nominalD mass
is performed, and the KF chi square χ2D is required to be less
than 100. In case there is more than oneDD̄ combination in
an event, only the candidate with the minimum sum of
χ2D þ χ2D̄ is kept. The DD̄ four-momenta from the mass-
constrained KF are used for the further analysis.
The primary π0 candidates are reconstructed with pairs

of photons which are not used in forming the DD̄ mesons,
and their invariant masses MðγγÞ must be in the range
ð0.120; 0.150Þ GeV=c2. To reduce backgrounds and to
improve the resolution, a KF with 2 degrees of freedom
(2C) is performed, constraining MðγγÞ to the nominal π0

mass mðπ0Þ and the recoil mass of π0DD̄, RMðπ0DD̄Þ, to
the nominal π mass. The 2C KF chi square χ22CðπÞ must be
less than 200. For each DD̄ mode, if there is more than one
primary π0 candidate, the one with the minimum χ2C2ðπÞ is
retained for further analysis. For eþe− → D0D̄$0π0 with
D̄$0 → D̄0π0, the process eþe− → D0D̄$0π0 with D̄$0 →
D̄0γ is a major background. To reject this background,
we require χ22Cðπ0Þ < 60. We also perform a similar 2C KF
but constrain RMðπ0D0D̄0Þ to be zero, which corresponds
to the mass of the photon in D̄$0 → D̄0γ, and the corre-
sponding fit chi square is required to satisfy χ22CðγÞ > 20
to further suppress this background. The fitted four-
momentum of the primary π0 is used in the next stage
of the analysis.
In the surviving events, the occurrence of multiple

ðDD̄$Þ0π0 combinations per event is negligible. To help
separate the signal events, we require MðDþπ0Þ >
2.1 GeV=c2 and MðD0π0Þ > 2.1 GeV=c2 [25]. Because
of the limited phase space, the invariant mass of
Dþπ0ðD0π0Þ and that of D̄0π0 are highly correlated, and
the background with the selected π0 and D̄0 from the D̄$0

decay is suppressed by the above selection criteria, too. The
RMðDπ0Þ distributions are illustrated in Fig. 1, where clear
peaks are seen over simulated backgrounds around the
mðD$Þ position. These peaks correspond to the final states
of ðDD̄$Þ0π0. We further require events to be within the

mass window jRMðDπ0Þ −mðD$Þj < 36 MeV=c2 for the
final analysis.
The MðDD̄$Þ distribution of the surviving events is

plotted in Fig. 2. An enhancement near the DD̄$ mass
threshold around 3.9 GeV=c2 is visible, which is seen in
both DþD$−π0 and D0D̄$0π0 at

ffiffiffi
s

p
¼ 4.226 and

4.257 GeV. As verified in MC simulations, these structures
cannot be attributed to the eþe− → ðDD̄$Þ0π0 three body
PHSP or inclusive MC background. Possible backgrounds
from eþe− → Dð$ÞD̄$$ → DD̄$π have been studied. Most
of them, such as D$D̄$ð2400Þ, DD̄$ð2460Þ, and
D$D̄$ð2420Þ cannot contribute to the selected events since
their mass thresholds are higher than 4.26 GeV=c2. The
only possible peaking background eþe− → Dð$ÞD̄1ð2420Þ
has been studied in Ref. [5], and its contribution is found to
be negligible.
Assuming that there is a resonant structure close to the

DD̄$ mass threshold [labeled as Zcð3885Þ0], we model its
line shape using a relativistic S-wave Breit-Wigner function
with a mass-dependent width multiplied with a phase space
factor q,
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select the Dþ candidates. We use events in 30 MeV=c2-
wide sideband regions centered at 40 MeV=c2 above
and below the D mass peaks to evaluate non-D meson
backgrounds.
Figure 1(a) shows the distribution of masses recoiling

against the detected πþD0 system [23], where a prominent
peak at mD"− is evident. The solid-line histogram shows the
same distribution for MC-simulated eþe− → πþD0D"−,
D0 → K−πþ three-body phase-space events. Because of
the limited phase space, some events from the isospin part-
ner decay πþZcð3885Þ−, Zcð3885Þ− → D−D"0, where the
detected D0 is from the D"0 decay, also peak near mD"−, as
shown by the dashed histogram for MC-simulated
eþe− → πþZcð3885Þ−, Zcð3885Þ− → D−D"0, D"0 → γ
or π0D0 decays with the mass and width of the
Zcð3885Þ set to our final measured values. Since the
DD̄" invariant mass distribution is equivalent to the bach-
elor pion recoil mass spectrum, the shape of the
Zcð3885Þ → DD̄" signal peak is not sensitive to the parent-
age of the D meson that is used for the event tagging.
Figure 1(b) shows the corresponding plot for π−Dþ-tag
events, where the solid histogram shows the contribution
from MC-simulated eþe− → π−DþD̄"0 three-body
phase-space events and the dashed histogram shows the
cross feed from MC-simulated eþe− → π−Zcð3885Þþ,
Zcð3885Þþ → D̄0D"þ, D"þ → π0Dþ events.
We apply a two-constraint (2C) kinematic fit to the

selected events that constrains the invariant mass of the
D0 (Dþ) candidate to be equal to mD0 (mDþ) and the mass
recoiling from the πþD0 (π−Dþ) to be equal to mD"−

(mD̄"0). If there is more than one bachelor pion candidate
in an event, we retain the one with the smallest χ2 from
the 2C fit. Events with χ2 < 30 are retained for further
analysis. For the πþD0-tag analysis, we require
MðπþD0Þ > 2.02 GeV=c2 to reject eþe− → D"þD"−,
D"þ → πþD0 events. Figure 2(a) [2(b)] shows the distribu-
tion ofD0D"− (DþD̄"0) invariant masses recoiling from the
bachelor pion for the πþD0- (π−Dþ-) tag events. Both dis-
tributions have a distinct peak near the mD þmD̄" mass
threshold. For cross-feed events, the reconstructed D
meson is not, in fact, recoiling from a D̄", and the efficiency
for these events decreases with increasing DD̄" 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) and 2(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 assume S waves for Zcð3885Þ production and decay,
and leave the Zcð3885Þ 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 than 1 MeV=c2 and
ignored. For the default nonpeaking background, we
use: fbkgðmDD̄" Þ∝ ðmDD̄" −MminÞcðMmax−mDD̄"Þd, where
Mmin and Mmax are the minimum and maximum kinemat-
ically allowed masses, respectively, and c and d are free
parameters.
The solid curves in Fig. 2 show the fit results and the

dashed curves show the nonresonant background. The
Zcð3885Þ signal significance for each fit is greater than
18σ. The fitted BW mass and width from the πþD0

(π−Dþ)-tag sample are 3889:2% 1.8 MeV=c2 and 28:1%
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 quantities P ¼ Mpole − iΓpole=2 for which the BW
denominators are zero, and useMpole and Γpole to character-
ize the Zcð3885Þ. These are listed in Table I.
Monte Carlo studies indicate that the process

eþe− → DD̄1ð2420Þ, D̄1ð2420Þ → D̄"π, where D1ð2420Þ
is the lightest established D"π resonance with
MD1

¼ 2421:3% 0.6 MeV=c2 and ΓD1
¼ 27:1%

2.7 MeV [6], would produce a near-threshold reflection
peak in the DD̄" mass distribution. The D1ð2420Þ peak
mass is 30 MeV=c2 above the

ffiffiffi
s

p −mD kinematic boun-
dary, which suggests that contributions from DD̄1ð2420Þ
final states would be small. However, some models for
the Yð4260Þ attribute it to a bound DD̄1 molecular state
[13], in which case subthreshold D̄1 → D̄"π decays
might be important and, possibly, produce a reflection peak
in the DD̄" mass distribution that mimics a Zcð3885Þ
signal.
We study this possibility by separating the events into

two samples according to j cos θπDj > 0.5 and

FIG. 2 (color online). The (a) MðD0D"−Þ and
(b) MðDþD̄"0Þ distributions for selected events. The curves
are described in the text.

TABLE I. The pole mass Mpole and width Γpole, signal yields
and fit quality (χ2=ndf) for the two tag samples.

Tag Mpole ðMeV=c2Þ Γpole (MeV) Zc signal (evts) χ2=ndf

πþD0 3882:3% 1.5 24:6% 3.3 502% 41 54=54
π−Dþ 3885:5% 1.5 24:9% 3.2 710% 54 60=54
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e+e− → πZc(3900)

e+e− → π±(π∓J/ψ) e+e− → π0(π0J/ψ)

e+e− → π0(DD̄*)0e+e− → π±(DD̄*)∓

is a kinematic factor with ki being the magnitude of the
three-vector momentum of the final state particle (J=ψ orD)
in the Zc rest frame; and g01 and g

0
2 are the coupling strengths

of Z!
c → π!J=ψ and Z!

c → ðDD̄#Þ!, respectively, which
will be determined by the fit to the data.
To describe the πþπ− mass spectrum, four resonances, σ,

f0ð980Þ, f2ð1270Þ, and f0ð1370Þ, are introduced. f0ð980Þ
is described with a Flatté formula [25], and the others are
described with relativistic Breit-Wigner (BW) functions.
The width of the wide resonance σ is parametrized
with ΓσðsÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð4m2

π=sÞ
p

Γ [26,27], and the masses
and widths for the f2ð1270Þ and f0ð1370Þ 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 ðlogLÞ values between
including and excluding this resonance in the fits, and the
probability is calculated under the χ2 distribution hypoth-
esis taking the change of the number of degrees of freedom
ΔðndfÞ into account. With this procedure, the statistical
significance of each of these states and the nonresonant
process is estimated to be larger than 5σ. All of them are
therefore included in the nominal fit, which includes
the eþe−→σJ=ψ , f0J=ψ , f0ð1370ÞJ=ψ , f2ð1270ÞJ=ψ ,
Z!
c π∓, 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 describing Zc decays. The oppositely
charged Zc states are regarded as isospin partners; they
share a common mass and coupling parameters g01 and g02.
Figure 1 shows projections of the fit results at

ffiffiffi
s

p
¼ 4.23

and 4.26 GeV, with a fit goodness of the Dalitz plot
χ2=ndf ¼ 1.3 and 1.2, respectively. The mass of Z!

c is
measured to beMZc

¼ ð3901.5! 2.7statÞ MeV=c2, and the
coupling parameters g01 ¼ ð0.075! 0.006statÞ GeV2 and
g02=g

0
1 ¼ 27.1! 2.0stat. This measurement is consistent

with the previous result g02=g
0
1 ¼ 27.1! 13.1 estimated

based on the measured decay width ratio ΓðZ!
c →

ðDD̄#Þ!Þ=ΓðZ!
c → J=ψπ!Þ ¼ 6.2! 2.9 [10]. If the Z!

c
is parametrized as a constant-width BW function,
the simultaneous fit gives a mass of ð3897.6!
1.2statÞ MeV=c2 and a width of ð43.5! 1.5statÞ MeV, but
the value of − lnL increases by 22 with ΔðndfÞ ¼ 1. The
BW parametrization is thus disfavored with a significance
of 6.6σ.
Figure 2 shows the polar angle (θZ!

c
) distribution of Z!

c in
the process eþe− → Zþ

c π− þ c:c: and the helicity angle
ðθJ=ψ Þ distribution in the decay Z!

c → π!J=ψ for the

FIG. 1. Projections to mπþπ− (a),(c) and mJ=ψπ! (b),(d) of the fit results with JP ¼ 1þ for the Zc, at
ffiffiffi
s

p
¼ 4.23 GeV (a),(b) andffiffiffi

s
p

¼ 4.26 GeV (c),(d). The points with error bars are data, and the black histograms are the total fit results including backgrounds. The
shaded histogram denotes backgrounds. The contributions from the πþπ−S-wave J=ψ , f2ð1270ÞJ=ψ , and Z!

c π∓ are shown in the plots. The
πþπ−S-wave resonances include the σ, f0ð980Þ, and f0ð1370Þ. Plots (b) and (d) are filled with two entries (mJ=ψπþ and mJ=ψπ− ) per event.
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background shapes (δbkg) are estimated by changing the
background function from a first-order to a second-order
polynomial; the uncertainty from the mass resolution (δres)
is estimated by varying the mass resolution difference
between data and MC simulation by 1 standard deviation;
the uncertainty from fit range (δfit) is estimated by extend-
ing the fit range; the uncertainty from the π0π0hc sub-
structure (δsub) is estimated by considering the efficiency
with and without the inclusion of a Zcð4020Þ0. The
contribution from each source of systematic error are listed
in Table II.
Assuming all of the above uncertainties are independent,

the total systematic uncertainties in the eþe− → π0π0hc
cross section measurements are determined to be between
10% and 13%. The uncertainty in Bðhc → γηcÞ, not listed
in Table II but common to all CME points, is 15.7% [16]
and is quoted separately in the cross section measurement.
Intermediate states are studied by examining the Mrecoil

π0

distribution (which corresponds to the reconstructed π0hc
invariant mass) for the selected π0π0hc candidate events.
The hc signal events are selected by requiringMrecoil

π0π0 in the
range of [3.51, 3.55], and events in the sideband regions
[3.45, 3.49] and [3.57, 3.61] are used to study the

background. From the two combinations of the π0 recoil
mass in each event, we retain the one with the larger π0

recoil mass value, and denote this as Mrecoil
π0 jmax. Figure 2

shows the Mrecoil
π0 jmax distribution for the signal events

where there is an obvious peak near 4.02 GeV=c2, which
corresponds to the expected position of a Zcð4020Þ0 signal.
An unbinned maximum likelihood fit is applied to the

Mrecoil
π0 jmax distribution summed over all 16 ηc decay modes.

The data at
ffiffiffi
s

p
¼ 4.23, 4.26, and 4.36 GeV are fitted

simultaneously with the same signal function with common
mass and width. The signal shape is parametrized with a
constant-width relativistic Breit-Wigner function con-
volved with a Gaussian-distributed mass resolution, where
the mass resolution is determined from a fit to a MC sample
with the width set to zero. Because of the limited statistics
of the Zcð4020Þ0 signal, its width is fixed to that of its
charged partner, ð7.9% 2.6Þ MeV [4]. Assuming the spin
and parity of the Zcð4020Þ0 are 1þ, a phase space factor
pq3 is included in the partial width, where p is the
Zcð4020Þ0 momentum in the eþe− rest frame and q is
the hc momentum in the Zcð4020Þ0 rest frame.
There are two types of backgrounds in the Mrecoil

π0 jmax

distribution. One is the non-hc background in the hc signal
region, which can be represented by the hc sideband events,
and the other is the non-Zcð4020Þ0 π0π0hc events that may
come from three-body π0π0hc decays or from production of
intermediate scalar states, such as the f0ð980Þ, that decay
into π0π0. Since the widths of the low-mass scalar particles
are large, these non-Zcð4020Þ0 π0π0hc events can be
reasonably well described with a phase space distribution.
For the non-hc background, a comparison of the hc side-
band events with the simulated phase space events indicates
that it can also be described with a three-body phase space
distribution. Thus, in the fit all of the background sources
are described with a single MC-simulated phase space
shape with a total normalization that is left as a free
parameter. In the fit, the signal shape mentioned above is
multiplied by the efficiency, which depends on Mrecoil

π0 jmax.
Interference between the signal and background is
neglected.
The solid curve in Fig. 2 shows the fit results, which

yields a Zcð4020Þ0 mass of 4023.9% 2.2 MeV=c2. The
mass difference between neutral and charged Zcð4020Þ is
1.0% 2.3ðstatÞ MeV=c2, which agrees with zero within
error. By projecting the events into a histogram with 50
bins, the goodness of the fit is calculated from the

TABLE II. The systematic uncertainties (%) in σBðeþe− → π0π0hcÞ.
ffiffiffi
s

p
(GeV) δL δfit δres δbkg δηc−mass δsub δISR δVac δϵiBðηc→XiÞ

4.230 1.0 1.3 0.9 5.9 1.6 2.1 2.2 0.5 7.2
4.260 1.0 0.9 0.4 9.5 4.8 1.6 2.3 0.5 7.3
4.360 1.0 1.0 0.1 7.1 4.6 0.6 0.4 0.5 7.2
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FIG. 2 (color online). Sum of the simultaneous fit to the
Mrecoil

π0 jmax distribution at
ffiffiffi
s

p
¼ 4.23, 4.26, and 4.36 GeV as

described in the text. Dots with errors bars are data; the green
shaded histogram shows the normalized hc sideband events; the
black dashed curve is the background from the fit; the red
histogram shows the result from a phase space MC simulation.
The solid blue line shows the total fit.
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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) and 3(c), the WS events with a scaling factor of
1.9 well represent the combinatorial backgrounds in the
recoil mass spectra of the bachelor π−. This scaling is
verified by an analysis of the inclusive MC data.
Backgrounds from the soft π− from D!− decays in the
eþe− → D!þD!−ðπ0; γISRÞ processes are not well
described by the WS background; its RMðπ−Þ distribution
peaks in the region above 4.1 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!þD̄!0π− final states within the signal region
ð2.135; 2.175Þ GeV=c2 in Fig. 3(a) are selected and dis-
played in Fig. 4. The enhancement cannot be attributed to
the PHSP eþe− → D!þD̄!0π− process. We simulate the
processes of eþe− → D!!D̄ð!Þ; D!! → Dð!ÞπðπÞ, where
D!! denotes neutral and charged highly excited D states,
such as D!

0ð2400Þ, D1ð2420Þ, D1ð2430Þ, and D!
2ð2460Þ.

Among these processes, only those with D!þD̄!0π− 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 π− recoil mass
spectra for these simulated events is seen in Fig. 4. Since
the energy

ffiffiffi
s

p
¼ 4.26 GeV is much lower than the pro-

duction thresholds of D!!D̄!, we neglect the possibility of
backgrounds relevant to D!!D̄! processes.
The observed enhancement is very close to the

mðD!þÞ þmðD̄!0Þ mass threshold. We assume that the
enhancement is due to a particle, labeled as Zþ

c ð4025Þ, and
parameterize its line shape by the product of an S-wave
Breit-Wigner (BW) shape and a phase space factor p · q

""""
1

M2 −m2 þ imΓ=c2

""""
2

· p · q: (1)

Here,M is the reconstructed mass;m is the resonance mass;
Γ is the width; pðqÞ is the D!þðπ−Þ momentum in the rest
frame of the D!þD̄!0 system (the initial eþe− system).
The signal yield of Zþ

c ð4025Þ is estimated by an
unbinned maximum likelihood fit to the spectrum of
RMðπ−Þ. The fit results are shown in Fig. 4. Possible
interference between the Zþ

c ð4025Þ signals and the PHSP
processes is neglected. The Zþ

c ð4025Þ 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 about 2 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 of m and Γ in
Eq. (1) are determined to be

mðZþ
c ð4025ÞÞ ¼ ð4026.3& 2.6Þ MeV=c2;

ΓðZþ
c ð4025ÞÞ ¼ ð24.8& 5.6Þ MeV:

A goodness-of-fit test gives a χ2=d.o.f. ¼ 30.4=33 ¼ 0.92.
The Zþ

c ð4025Þ signal is observed with a statistical signifi-
cance of 13σ, 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 10σ.
The Born cross section is determined from

σ ¼ ðnsig=Lð1þ δÞεBÞ, where nsig is the number of
observed signal events, L is the integrated luminosity, ε
is the detection efficiency, 1þ δ is the radiative correction
factor, and B is the branching fraction ofD!þ → Dþðπ0; γÞ,
Dþ → K−πþπþ. From the fit results, we obtain 560.1&
30.6 D!þD̄!0π− events, among which 400.9& 47.3 events
are Zþ

c ð4025Þ candidates. With the input of the observed
center-of-mass energy dependence of σðD!þD̄!0π−Þ, the
radiative correction factor is calculated to second order in
QED [22] to be 0.78& 0.03. The efficiency for
the Zþ

c ð4025Þ signal process is determined to be 23.5%,
while the efficiency of the PHSP signal process is 17.4%.
The total cross section σðeþe− → ðD!D̄!Þ∓π&Þ is mea-
sured to be ð137& 9Þpb, and the ratio R ¼ ðσðeþe− →
Z&
c ð4025Þπ∓ → ðD!D̄!Þ&π∓Þ=σðeþe− → ðD!D̄!Þ&π∓ÞÞ

is determined to be 0.65& 0.09.
Sources of systematic error on the measurement of the

Zþ
c ð4025Þ resonance parameters and the cross section are

listed in Table I. The main sources of systematic uncer-
tainties relevant for determining the Zþ

c ð4025Þ resonance
parameters and the ratio R include the mass scale, the signal
shape, background models, and potentialD!! backgrounds.
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FIG. 4 (color online). Unbinned maximum likelihood fit to the
π− recoil mass spectrum in data. See the text for a detailed
description of the various components that are used in the fit. The
scale of the D!D!! shape is arbitrary.
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e+e− → πZc(4020)

e+e− → π±(π∓hc) e+e− → π0(π0hc)

e+e− → π±(D*D̄*)∓ e+e− → π0(D*D̄*)0

Gaussian with a mass resolution determined from the data
directly. Assuming the spin parity of the Zcð4020Þ JP ¼
1þ, a phase space factor pq3 is considered in the partial
width, where p is the Zcð4020Þ momentum in the eþe%

c.m. frame and q is the hc momentum in the Zcð4020Þ c.m.
frame. The background shape is parametrized as an
ARGUS function [18]. The efficiency curve is considered
in the fit, but possible interferences between the signal and
background are neglected. Figure 4 shows the fit results;
the fit yields a mass of ð4022:9& 0:8Þ MeV=c2 and a width
of ð7:9& 2:7Þ MeV. The goodness of fit is found to be
!2=n:d:f: ¼ 27:3=32 ¼ 0:85 by projecting the events into

a histogram with 46 bins. The statistical significance of the
Zcð4020Þ signal is calculated by comparing the fit like-
lihoods with and without the signal. Besides the nominal
fit, the fit is also performed by changing the fit range, the
signal shape, or the background shape. In all cases, the
significance is found to be greater than 8:9".
The numbers of Zcð4020Þ events are determined to be

N½Zcð4020Þ&( ¼ 114& 25, 72& 17, and 67& 15 at 4.23,
4.26, and 4.36 GeV, respectively. The cross sections are
calculated to be"½eþe% ! #&Zcð4020Þ) ! #þ#%hc( ¼
ð8:7& 1:9& 2:8& 1:4Þ pb at 4.23 GeV, ð7:4&1:7&2:1&
1:2Þ pb at 4.26 GeV, and ð10:3& 2:3& 3:1& 1:6Þ pb at
4.36 GeV, where the first errors are statistical, the second
ones systematic (described in detail below), and the third
ones from the uncertainty in Bðhc ! $%cÞ [14]. The
Zcð4020Þ production rate is uniform at these three energy
points.
Adding a Zcð3900Þ with the mass and width fixed to the

BESIII measurement [1] in the fit results in a statistical
significance of 2:1" (see the inset in Fig. 4). We set upper
limits on the production cross sections as "½eþe% !
#&Zcð3900Þ) ! #þ#%hc(< 13 pb at 4.23 GeV and
<11 pb at 4.26 GeV, at the 90% confidence level (C.L.).
The probability density function from the fit 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 fit the 4.36 GeV data, as the
Zcð3900Þ signal overlaps with the reflection of the
Zcð4020Þ signal.
The systematic errors for the resonance parameters of

the Zcð4020Þ come from the mass calibration, parametri-
zation of the signal and background shapes, possible exis-
tence of the Zcð3900Þ and interference with it, fitting range,
efficiency curve, and mass resolution. The uncertainty
from the mass calibration is estimated by using the differ-
ence between the measured and known hc masses and D0

masses (reconstructed from K%#þ). The differences are
(2:1& 0:4) and %ð0:7& 0:2Þ MeV=c2, respectively. Since
our signal topology has one low momentum pion and many
tracks from the hc 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 the Zcð4020Þ, and, assuming that
contributions from D wave or higher are negligible, the
only alternative is JP ¼ 1% for the Zcð4020Þ. A fit under
this scenario yields a mass difference of 0:2 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 fit range. A difference
of 0:1 MeV=c2 for the mass is found from the former, and
differences of 0:2 MeV=c2 for mass and 1.1MeV 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

)2(GeV/c
ch±πM

3.7 3.8 3.9 4.0 4.1 4.2

 )2
E

ve
nt

s /
 (0

.0
05

 G
eV

/c

0

20

40

60

80

100

120
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candidate events in the hc signal region (dots with error bars) and
the normalized hc sideband region (shaded histogram), summed
over data at all energy points.
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FIG. 4 (color online). Sum of the simultaneous fits to the
M#&hc distributions at 4.23, 4.26, and 4.36 GeV as described in

the text; the inset shows the sum of the simultaneous fit to the
M#þhc distributions at 4.23 and 4.26 GeV with Zcð3900Þ and

Zcð4020Þ. Dots with error bars are data; shaded histograms are
the normalized sideband background; the solid curves show the
total fit, and the dotted curves the backgrounds from the fit.
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!!!!
1

M2 −m2 − im½Γ1ðMÞ þ Γ2ðMÞ%=c2

!!!!
2

pkqk;

and ΓkðMÞ ¼ fkΓ
pk

p'
k

m
M

ðk ¼ 1; 2Þ:

Here, k ¼ 1 and 2 denote the neutral channel
Zcð4025Þ0 → D'0D̄'0 and the charged channel
Zcð4025Þ0 → D'þD'−, respectively. fk is the ratio of the
partial decay width for channel k. M is the reconstructed
mass, m is the resonance mass, and Γ is the resonance
width. pkðqkÞ is the D'ðπ0Þ momentum in the rest frame
of the D'D̄' system (the initial eþe− system) and p'

k is
the momentum of D' in the Zcð4025Þ0 rest frame at
M ¼ m. We assume that the Zcð4025Þ0 decay rates to the
neutral channel and the charged channel are equal, i.e.,
fk ¼ 0.5, based on isospin symmetry.
We perform a simultaneous unbinned maximum like-

lihood fit to the spectra of RMðπ0Þ at
ffiffiffi
s

p
¼ 4.23 and

4.26 GeV. The signal shapes are taken as convolutions
of the efficiency-weighted Breit-Wigner functions with
resolution functions obtained from MC simulations. The
detector resolutions are 4 MeV at

ffiffiffi
s

p
¼ 4.23 GeV and

4.5 MeV at
ffiffiffi
s

p
¼ 4.26 GeV. Backgrounds are modeled

with kernel-estimated nonparametric shapes [33] based
on the inclusive MC simulations, and their magnitudes
are fixed according to the simulations since the inclusive
MC samples well describe the background. The shape of

the PHSP process is adopted from MC simulations. We
combine the data at

ffiffiffi
s

p
¼ 4.23 GeV and

ffiffiffi
s

p
¼ 4.26 GeV

together, as shown in Fig. 2. The fit determines m
and Γ to be ð4031.7(2.1ÞMeV=c2 and ð25.9(8.8ÞMeV,
respectively. The corresponding pole position
mpole(Zcð4025Þ0) − i½Γpole(Zcð4025Þ0)=2% is calculated
to be

mpole(Zcð4025Þ0) ¼ ð4025.5þ2.0
−4.7Þ MeV=c2;

Γpole(Zcð4025Þ0) ¼ ð23.0( 6.0Þ MeV:

The significance with systematic errors is estimated by
comparing the likelihoods of the fits with and without the
Zcð4025Þ0 signal component included. The likelihood
difference is 2Δ lnL ¼ 45.3 and the difference of the
number of free parameters is 4. When the systematic
uncertainties are taken into account with the assumption
of Gaussian distribution, the significance is estimated to
be 5.9σ.
The Born cross section σ(eþe− → Zcð4025Þ0π0 →

ðD'0D̄'0 þD'þD'−Þπ0) is calculated from the equation

σ ¼
nsig

Lðf1B1ε1 þ f2B2ε2Þð1þ δÞð1þ δvacÞ
;

where L is the integrated luminosity, ε1 (ε2) is the detection
efficiency of the neutral (charged) channel, f1 (f2) is
the ratio of the cross section of the neutral (charged)
channel to the sum of both channels, B1 (B2) is the product
branching fraction of the neutral (charged)D' decays to the
final states we detected. ð1þ δÞ is the radiative correction
factor and ð1þ δvacÞ is the vacuum polarization factor.
From the simultaneous fit, we obtain 69.5( 9.2 signal
events at

ffiffiffi
s

p
¼ 4.23 GeV and 46.1( 8.5 signal events atffiffiffi

s
p

¼ 4.26 GeV. ð1þ δÞ is calculated to be 0.744 at
ffiffiffi
s

p
¼

4.23 GeV and 0.793 at
ffiffiffi
s

p
¼ 4.26 GeV to the second order

in QED [34], where the input line shape of the cross section
is assumed to be the same as for eþe− → ðD'D̄'Þþπ−, as
extracted directly from BESIII data. ð1þ δvacÞ is given as
1.054 following the formula in Ref. [35]. The efficiency ε1
(ε2) is determined to be 1.49% (3.87%) at

ffiffiffi
s

p
¼ 4.23 GeV

and 1.84% (4.37%) at
ffiffiffi
s

p
¼ 4.26 GeV. Thus, the cross

sections are measured to be ð61.6( 8.2Þ pb and ð43.4(
8.0Þ pb at

ffiffiffi
s

p
¼ 4.23 and 4.26 GeV, respectively. The

contribution of the PHSP process is found to be negligible
according to the fit.
Sources of systematic uncertainties in the measurement

of the Zcð4025Þ0 resonance parameters and cross sections
are listed in Table I. Uncertainties of tracking and PID
are each 1% per track [36]. The uncertainty of the π0

reconstruction efficiency is 4% [37]. We study the photon
veto by fitting the recoil mass of Dπ0 with and without this
veto in selecting the control sample of eþe− → ðD'D̄'Þ0π0
in the data. The efficiency-corrected signal yields are used
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FIG. 2 (color online). Fits to RMðπ0Þ. (a) A fit to the back-
ground, PHSP, and Zcð4025Þ0 signal process for the combination
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the filled area represents the inclusive backgrounds, and the
dash-dotted line is the PHSP process.
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Since theZcð3900Þ0 is alsoobserved ineþe− → π0D$D̄ [19]
and its mass is close to the mass threshold of D$D̄, we also
perform an alternative fit by parametrizing the Zcð3900Þ0
with a Flatté formula as those for eþe− → πþπ−J=ψ [14].
The fit results are not sensitive enough to determine the
coupling constants gπ0J=ψ and gD$D̄. However, if the ratio
gD$D̄=gπ0J=ψ is fixed to the value reported in Ref. [14], the fit

gives a comparable description of the data as the nominal
case. We try to improve the fit toMπ0J=ψ projections around
3.4 GeV by adding a possible new Z state around 3.4 GeV,
substituting the π0π0 − S waves with K-matrix approach
[35], adding the contribution of direct three-body decays
and/or f2ð1270Þ. However, none of these tests make a big
difference due to the limited statistics.
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FIG. 2. (Left column) Dalitz plots of M2
π0J=ψ versus M2

π0π0
, invariant-mass projections (middle column) Mπ0J=ψ and (right column)

Mπ0π0 of the results of the nominal PWA for data samples
ffiffiffi
s

p
¼ 4.226–4.258 GeV. Points with errors are data, red solid curves are the

total fit results, the blue dashed (magenta long-dashed) curves represent Zcð3900Þ0 (π0π0-S wave) components, and green shaded
histograms represent the estimated backgrounds. Each event appears twice in the Dalitz plots and Mπ0J=ψ distributions. The χ2=ndf is
calculated by merging those bins with less than 10 events in the Dalitz plots.
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Since theZcð3900Þ0 is alsoobserved ineþe− → π0D$D̄ [19]
and its mass is close to the mass threshold of D$D̄, we also
perform an alternative fit by parametrizing the Zcð3900Þ0
with a Flatté formula as those for eþe− → πþπ−J=ψ [14].
The fit results are not sensitive enough to determine the
coupling constants gπ0J=ψ and gD$D̄. However, if the ratio
gD$D̄=gπ0J=ψ is fixed to the value reported in Ref. [14], the fit

gives a comparable description of the data as the nominal
case. We try to improve the fit toMπ0J=ψ projections around
3.4 GeV by adding a possible new Z state around 3.4 GeV,
substituting the π0π0 − S waves with K-matrix approach
[35], adding the contribution of direct three-body decays
and/or f2ð1270Þ. However, none of these tests make a big
difference due to the limited statistics.
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FIG. 2. (Left column) Dalitz plots of M2
π0J=ψ versus M2

π0π0
, invariant-mass projections (middle column) Mπ0J=ψ and (right column)

Mπ0π0 of the results of the nominal PWA for data samples
ffiffiffi
s

p
¼ 4.226–4.258 GeV. Points with errors are data, red solid curves are the

total fit results, the blue dashed (magenta long-dashed) curves represent Zcð3900Þ0 (π0π0-S wave) components, and green shaded
histograms represent the estimated backgrounds. Each event appears twice in the Dalitz plots and Mπ0J=ψ distributions. The χ2=ndf is
calculated by merging those bins with less than 10 events in the Dalitz plots.

STUDY OF THE PROCESS eþe− → π0π0J=ψ … PHYS. REV. D 102, 012009 (2020)

012009-9

Since theZcð3900Þ0 is alsoobserved ineþe− → π0D$D̄ [19]
and its mass is close to the mass threshold of D$D̄, we also
perform an alternative fit by parametrizing the Zcð3900Þ0
with a Flatté formula as those for eþe− → πþπ−J=ψ [14].
The fit results are not sensitive enough to determine the
coupling constants gπ0J=ψ and gD$D̄. However, if the ratio
gD$D̄=gπ0J=ψ is fixed to the value reported in Ref. [14], the fit

gives a comparable description of the data as the nominal
case. We try to improve the fit toMπ0J=ψ projections around
3.4 GeV by adding a possible new Z state around 3.4 GeV,
substituting the π0π0 − S waves with K-matrix approach
[35], adding the contribution of direct three-body decays
and/or f2ð1270Þ. However, none of these tests make a big
difference due to the limited statistics.
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FIG. 2. (Left column) Dalitz plots of M2
π0J=ψ versus M2

π0π0
, invariant-mass projections (middle column) Mπ0J=ψ and (right column)

Mπ0π0 of the results of the nominal PWA for data samples
ffiffiffi
s

p
¼ 4.226–4.258 GeV. Points with errors are data, red solid curves are the

total fit results, the blue dashed (magenta long-dashed) curves represent Zcð3900Þ0 (π0π0-S wave) components, and green shaded
histograms represent the estimated backgrounds. Each event appears twice in the Dalitz plots and Mπ0J=ψ distributions. The χ2=ndf is
calculated by merging those bins with less than 10 events in the Dalitz plots.
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mass-constrained kinematic fit (KF) to the nominalD mass
is performed, and the KF chi square χ2D is required to be less
than 100. In case there is more than oneDD̄ combination in
an event, only the candidate with the minimum sum of
χ2D þ χ2D̄ is kept. The DD̄ four-momenta from the mass-
constrained KF are used for the further analysis.
The primary π0 candidates are reconstructed with pairs

of photons which are not used in forming the DD̄ mesons,
and their invariant masses MðγγÞ must be in the range
ð0.120; 0.150Þ GeV=c2. To reduce backgrounds and to
improve the resolution, a KF with 2 degrees of freedom
(2C) is performed, constraining MðγγÞ to the nominal π0

mass mðπ0Þ and the recoil mass of π0DD̄, RMðπ0DD̄Þ, to
the nominal π mass. The 2C KF chi square χ22CðπÞ must be
less than 200. For each DD̄ mode, if there is more than one
primary π0 candidate, the one with the minimum χ2C2ðπÞ is
retained for further analysis. For eþe− → D0D̄$0π0 with
D̄$0 → D̄0π0, the process eþe− → D0D̄$0π0 with D̄$0 →
D̄0γ is a major background. To reject this background,
we require χ22Cðπ0Þ < 60. We also perform a similar 2C KF
but constrain RMðπ0D0D̄0Þ to be zero, which corresponds
to the mass of the photon in D̄$0 → D̄0γ, and the corre-
sponding fit chi square is required to satisfy χ22CðγÞ > 20
to further suppress this background. The fitted four-
momentum of the primary π0 is used in the next stage
of the analysis.
In the surviving events, the occurrence of multiple

ðDD̄$Þ0π0 combinations per event is negligible. To help
separate the signal events, we require MðDþπ0Þ >
2.1 GeV=c2 and MðD0π0Þ > 2.1 GeV=c2 [25]. Because
of the limited phase space, the invariant mass of
Dþπ0ðD0π0Þ and that of D̄0π0 are highly correlated, and
the background with the selected π0 and D̄0 from the D̄$0

decay is suppressed by the above selection criteria, too. The
RMðDπ0Þ distributions are illustrated in Fig. 1, where clear
peaks are seen over simulated backgrounds around the
mðD$Þ position. These peaks correspond to the final states
of ðDD̄$Þ0π0. We further require events to be within the

mass window jRMðDπ0Þ −mðD$Þj < 36 MeV=c2 for the
final analysis.
The MðDD̄$Þ distribution of the surviving events is

plotted in Fig. 2. An enhancement near the DD̄$ mass
threshold around 3.9 GeV=c2 is visible, which is seen in
both DþD$−π0 and D0D̄$0π0 at

ffiffiffi
s

p
¼ 4.226 and

4.257 GeV. As verified in MC simulations, these structures
cannot be attributed to the eþe− → ðDD̄$Þ0π0 three body
PHSP or inclusive MC background. Possible backgrounds
from eþe− → Dð$ÞD̄$$ → DD̄$π have been studied. Most
of them, such as D$D̄$ð2400Þ, DD̄$ð2460Þ, and
D$D̄$ð2420Þ cannot contribute to the selected events since
their mass thresholds are higher than 4.26 GeV=c2. The
only possible peaking background eþe− → Dð$ÞD̄1ð2420Þ
has been studied in Ref. [5], and its contribution is found to
be negligible.
Assuming that there is a resonant structure close to the

DD̄$ mass threshold [labeled as Zcð3885Þ0], we model its
line shape using a relativistic S-wave Breit-Wigner function
with a mass-dependent width multiplied with a phase space
factor q,
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select the Dþ candidates. We use events in 30 MeV=c2-
wide sideband regions centered at 40 MeV=c2 above
and below the D mass peaks to evaluate non-D meson
backgrounds.
Figure 1(a) shows the distribution of masses recoiling

against the detected πþD0 system [23], where a prominent
peak at mD"− is evident. The solid-line histogram shows the
same distribution for MC-simulated eþe− → πþD0D"−,
D0 → K−πþ three-body phase-space events. Because of
the limited phase space, some events from the isospin part-
ner decay πþZcð3885Þ−, Zcð3885Þ− → D−D"0, where the
detected D0 is from the D"0 decay, also peak near mD"−, as
shown by the dashed histogram for MC-simulated
eþe− → πþZcð3885Þ−, Zcð3885Þ− → D−D"0, D"0 → γ
or π0D0 decays with the mass and width of the
Zcð3885Þ set to our final measured values. Since the
DD̄" invariant mass distribution is equivalent to the bach-
elor pion recoil mass spectrum, the shape of the
Zcð3885Þ → DD̄" signal peak is not sensitive to the parent-
age of the D meson that is used for the event tagging.
Figure 1(b) shows the corresponding plot for π−Dþ-tag
events, where the solid histogram shows the contribution
from MC-simulated eþe− → π−DþD̄"0 three-body
phase-space events and the dashed histogram shows the
cross feed from MC-simulated eþe− → π−Zcð3885Þþ,
Zcð3885Þþ → D̄0D"þ, D"þ → π0Dþ events.
We apply a two-constraint (2C) kinematic fit to the

selected events that constrains the invariant mass of the
D0 (Dþ) candidate to be equal to mD0 (mDþ) and the mass
recoiling from the πþD0 (π−Dþ) to be equal to mD"−

(mD̄"0). If there is more than one bachelor pion candidate
in an event, we retain the one with the smallest χ2 from
the 2C fit. Events with χ2 < 30 are retained for further
analysis. For the πþD0-tag analysis, we require
MðπþD0Þ > 2.02 GeV=c2 to reject eþe− → D"þD"−,
D"þ → πþD0 events. Figure 2(a) [2(b)] shows the distribu-
tion ofD0D"− (DþD̄"0) invariant masses recoiling from the
bachelor pion for the πþD0- (π−Dþ-) tag events. Both dis-
tributions have a distinct peak near the mD þmD̄" mass
threshold. For cross-feed events, the reconstructed D
meson is not, in fact, recoiling from a D̄", and the efficiency
for these events decreases with increasing DD̄" 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) and 2(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 assume S waves for Zcð3885Þ production and decay,
and leave the Zcð3885Þ 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 than 1 MeV=c2 and
ignored. For the default nonpeaking background, we
use: fbkgðmDD̄" Þ∝ ðmDD̄" −MminÞcðMmax−mDD̄"Þd, where
Mmin and Mmax are the minimum and maximum kinemat-
ically allowed masses, respectively, and c and d are free
parameters.
The solid curves in Fig. 2 show the fit results and the

dashed curves show the nonresonant background. The
Zcð3885Þ signal significance for each fit is greater than
18σ. The fitted BW mass and width from the πþD0

(π−Dþ)-tag sample are 3889:2% 1.8 MeV=c2 and 28:1%
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 quantities P ¼ Mpole − iΓpole=2 for which the BW
denominators are zero, and useMpole and Γpole to character-
ize the Zcð3885Þ. These are listed in Table I.
Monte Carlo studies indicate that the process

eþe− → DD̄1ð2420Þ, D̄1ð2420Þ → D̄"π, where D1ð2420Þ
is the lightest established D"π resonance with
MD1

¼ 2421:3% 0.6 MeV=c2 and ΓD1
¼ 27:1%

2.7 MeV [6], would produce a near-threshold reflection
peak in the DD̄" mass distribution. The D1ð2420Þ peak
mass is 30 MeV=c2 above the

ffiffiffi
s

p −mD kinematic boun-
dary, which suggests that contributions from DD̄1ð2420Þ
final states would be small. However, some models for
the Yð4260Þ attribute it to a bound DD̄1 molecular state
[13], in which case subthreshold D̄1 → D̄"π decays
might be important and, possibly, produce a reflection peak
in the DD̄" mass distribution that mimics a Zcð3885Þ
signal.
We study this possibility by separating the events into

two samples according to j cos θπDj > 0.5 and

FIG. 2 (color online). The (a) MðD0D"−Þ and
(b) MðDþD̄"0Þ distributions for selected events. The curves
are described in the text.

TABLE I. The pole mass Mpole and width Γpole, signal yields
and fit quality (χ2=ndf) for the two tag samples.

Tag Mpole ðMeV=c2Þ Γpole (MeV) Zc signal (evts) χ2=ndf

πþD0 3882:3% 1.5 24:6% 3.3 502% 41 54=54
π−Dþ 3885:5% 1.5 24:9% 3.2 710% 54 60=54
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e+e− → πZc(3900)

e+e− → π±(π∓J/ψ) e+e− → π0(π0J/ψ)

e+e− → π0(DD̄*)0e+e− → π±(DD̄*)∓

is a kinematic factor with ki being the magnitude of the
three-vector momentum of the final state particle (J=ψ orD)
in the Zc rest frame; and g01 and g

0
2 are the coupling strengths

of Z!
c → π!J=ψ and Z!

c → ðDD̄#Þ!, respectively, which
will be determined by the fit to the data.
To describe the πþπ− mass spectrum, four resonances, σ,

f0ð980Þ, f2ð1270Þ, and f0ð1370Þ, are introduced. f0ð980Þ
is described with a Flatté formula [25], and the others are
described with relativistic Breit-Wigner (BW) functions.
The width of the wide resonance σ is parametrized
with ΓσðsÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð4m2

π=sÞ
p

Γ [26,27], and the masses
and widths for the f2ð1270Þ and f0ð1370Þ 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 ðlogLÞ values between
including and excluding this resonance in the fits, and the
probability is calculated under the χ2 distribution hypoth-
esis taking the change of the number of degrees of freedom
ΔðndfÞ into account. With this procedure, the statistical
significance of each of these states and the nonresonant
process is estimated to be larger than 5σ. All of them are
therefore included in the nominal fit, which includes
the eþe−→σJ=ψ , f0J=ψ , f0ð1370ÞJ=ψ , f2ð1270ÞJ=ψ ,
Z!
c π∓, 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 describing Zc decays. The oppositely
charged Zc states are regarded as isospin partners; they
share a common mass and coupling parameters g01 and g02.
Figure 1 shows projections of the fit results at

ffiffiffi
s

p
¼ 4.23

and 4.26 GeV, with a fit goodness of the Dalitz plot
χ2=ndf ¼ 1.3 and 1.2, respectively. The mass of Z!

c is
measured to beMZc

¼ ð3901.5! 2.7statÞ MeV=c2, and the
coupling parameters g01 ¼ ð0.075! 0.006statÞ GeV2 and
g02=g

0
1 ¼ 27.1! 2.0stat. This measurement is consistent

with the previous result g02=g
0
1 ¼ 27.1! 13.1 estimated

based on the measured decay width ratio ΓðZ!
c →

ðDD̄#Þ!Þ=ΓðZ!
c → J=ψπ!Þ ¼ 6.2! 2.9 [10]. If the Z!

c
is parametrized as a constant-width BW function,
the simultaneous fit gives a mass of ð3897.6!
1.2statÞ MeV=c2 and a width of ð43.5! 1.5statÞ MeV, but
the value of − lnL increases by 22 with ΔðndfÞ ¼ 1. The
BW parametrization is thus disfavored with a significance
of 6.6σ.
Figure 2 shows the polar angle (θZ!

c
) distribution of Z!

c in
the process eþe− → Zþ

c π− þ c:c: and the helicity angle
ðθJ=ψ Þ distribution in the decay Z!

c → π!J=ψ for the

FIG. 1. Projections to mπþπ− (a),(c) and mJ=ψπ! (b),(d) of the fit results with JP ¼ 1þ for the Zc, at
ffiffiffi
s

p
¼ 4.23 GeV (a),(b) andffiffiffi

s
p

¼ 4.26 GeV (c),(d). The points with error bars are data, and the black histograms are the total fit results including backgrounds. The
shaded histogram denotes backgrounds. The contributions from the πþπ−S-wave J=ψ , f2ð1270ÞJ=ψ , and Z!

c π∓ are shown in the plots. The
πþπ−S-wave resonances include the σ, f0ð980Þ, and f0ð1370Þ. Plots (b) and (d) are filled with two entries (mJ=ψπþ and mJ=ψπ− ) per event.
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background shapes (δbkg) are estimated by changing the
background function from a first-order to a second-order
polynomial; the uncertainty from the mass resolution (δres)
is estimated by varying the mass resolution difference
between data and MC simulation by 1 standard deviation;
the uncertainty from fit range (δfit) is estimated by extend-
ing the fit range; the uncertainty from the π0π0hc sub-
structure (δsub) is estimated by considering the efficiency
with and without the inclusion of a Zcð4020Þ0. The
contribution from each source of systematic error are listed
in Table II.
Assuming all of the above uncertainties are independent,

the total systematic uncertainties in the eþe− → π0π0hc
cross section measurements are determined to be between
10% and 13%. The uncertainty in Bðhc → γηcÞ, not listed
in Table II but common to all CME points, is 15.7% [16]
and is quoted separately in the cross section measurement.
Intermediate states are studied by examining the Mrecoil

π0

distribution (which corresponds to the reconstructed π0hc
invariant mass) for the selected π0π0hc candidate events.
The hc signal events are selected by requiringMrecoil

π0π0 in the
range of [3.51, 3.55], and events in the sideband regions
[3.45, 3.49] and [3.57, 3.61] are used to study the

background. From the two combinations of the π0 recoil
mass in each event, we retain the one with the larger π0

recoil mass value, and denote this as Mrecoil
π0 jmax. Figure 2

shows the Mrecoil
π0 jmax distribution for the signal events

where there is an obvious peak near 4.02 GeV=c2, which
corresponds to the expected position of a Zcð4020Þ0 signal.
An unbinned maximum likelihood fit is applied to the

Mrecoil
π0 jmax distribution summed over all 16 ηc decay modes.

The data at
ffiffiffi
s

p
¼ 4.23, 4.26, and 4.36 GeV are fitted

simultaneously with the same signal function with common
mass and width. The signal shape is parametrized with a
constant-width relativistic Breit-Wigner function con-
volved with a Gaussian-distributed mass resolution, where
the mass resolution is determined from a fit to a MC sample
with the width set to zero. Because of the limited statistics
of the Zcð4020Þ0 signal, its width is fixed to that of its
charged partner, ð7.9% 2.6Þ MeV [4]. Assuming the spin
and parity of the Zcð4020Þ0 are 1þ, a phase space factor
pq3 is included in the partial width, where p is the
Zcð4020Þ0 momentum in the eþe− rest frame and q is
the hc momentum in the Zcð4020Þ0 rest frame.
There are two types of backgrounds in the Mrecoil

π0 jmax

distribution. One is the non-hc background in the hc signal
region, which can be represented by the hc sideband events,
and the other is the non-Zcð4020Þ0 π0π0hc events that may
come from three-body π0π0hc decays or from production of
intermediate scalar states, such as the f0ð980Þ, that decay
into π0π0. Since the widths of the low-mass scalar particles
are large, these non-Zcð4020Þ0 π0π0hc events can be
reasonably well described with a phase space distribution.
For the non-hc background, a comparison of the hc side-
band events with the simulated phase space events indicates
that it can also be described with a three-body phase space
distribution. Thus, in the fit all of the background sources
are described with a single MC-simulated phase space
shape with a total normalization that is left as a free
parameter. In the fit, the signal shape mentioned above is
multiplied by the efficiency, which depends on Mrecoil

π0 jmax.
Interference between the signal and background is
neglected.
The solid curve in Fig. 2 shows the fit results, which

yields a Zcð4020Þ0 mass of 4023.9% 2.2 MeV=c2. The
mass difference between neutral and charged Zcð4020Þ is
1.0% 2.3ðstatÞ MeV=c2, which agrees with zero within
error. By projecting the events into a histogram with 50
bins, the goodness of the fit is calculated from the

TABLE II. The systematic uncertainties (%) in σBðeþe− → π0π0hcÞ.
ffiffiffi
s

p
(GeV) δL δfit δres δbkg δηc−mass δsub δISR δVac δϵiBðηc→XiÞ

4.230 1.0 1.3 0.9 5.9 1.6 2.1 2.2 0.5 7.2
4.260 1.0 0.9 0.4 9.5 4.8 1.6 2.3 0.5 7.3
4.360 1.0 1.0 0.1 7.1 4.6 0.6 0.4 0.5 7.2
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FIG. 2 (color online). Sum of the simultaneous fit to the
Mrecoil

π0 jmax distribution at
ffiffiffi
s

p
¼ 4.23, 4.26, and 4.36 GeV as

described in the text. Dots with errors bars are data; the green
shaded histogram shows the normalized hc sideband events; the
black dashed curve is the background from the fit; the red
histogram shows the result from a phase space MC simulation.
The solid blue line shows the total fit.
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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) and 3(c), the WS events with a scaling factor of
1.9 well represent the combinatorial backgrounds in the
recoil mass spectra of the bachelor π−. This scaling is
verified by an analysis of the inclusive MC data.
Backgrounds from the soft π− from D!− decays in the
eþe− → D!þD!−ðπ0; γISRÞ processes are not well
described by the WS background; its RMðπ−Þ distribution
peaks in the region above 4.1 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!þD̄!0π− final states within the signal region
ð2.135; 2.175Þ GeV=c2 in Fig. 3(a) are selected and dis-
played in Fig. 4. The enhancement cannot be attributed to
the PHSP eþe− → D!þD̄!0π− process. We simulate the
processes of eþe− → D!!D̄ð!Þ; D!! → Dð!ÞπðπÞ, where
D!! denotes neutral and charged highly excited D states,
such as D!

0ð2400Þ, D1ð2420Þ, D1ð2430Þ, and D!
2ð2460Þ.

Among these processes, only those with D!þD̄!0π− 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 π− recoil mass
spectra for these simulated events is seen in Fig. 4. Since
the energy

ffiffiffi
s

p
¼ 4.26 GeV is much lower than the pro-

duction thresholds of D!!D̄!, we neglect the possibility of
backgrounds relevant to D!!D̄! processes.
The observed enhancement is very close to the

mðD!þÞ þmðD̄!0Þ mass threshold. We assume that the
enhancement is due to a particle, labeled as Zþ

c ð4025Þ, and
parameterize its line shape by the product of an S-wave
Breit-Wigner (BW) shape and a phase space factor p · q

""""
1

M2 −m2 þ imΓ=c2

""""
2

· p · q: (1)

Here,M is the reconstructed mass;m is the resonance mass;
Γ is the width; pðqÞ is the D!þðπ−Þ momentum in the rest
frame of the D!þD̄!0 system (the initial eþe− system).
The signal yield of Zþ

c ð4025Þ is estimated by an
unbinned maximum likelihood fit to the spectrum of
RMðπ−Þ. The fit results are shown in Fig. 4. Possible
interference between the Zþ

c ð4025Þ signals and the PHSP
processes is neglected. The Zþ

c ð4025Þ 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 about 2 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 of m and Γ in
Eq. (1) are determined to be

mðZþ
c ð4025ÞÞ ¼ ð4026.3& 2.6Þ MeV=c2;

ΓðZþ
c ð4025ÞÞ ¼ ð24.8& 5.6Þ MeV:

A goodness-of-fit test gives a χ2=d.o.f. ¼ 30.4=33 ¼ 0.92.
The Zþ

c ð4025Þ signal is observed with a statistical signifi-
cance of 13σ, 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 10σ.
The Born cross section is determined from

σ ¼ ðnsig=Lð1þ δÞεBÞ, where nsig is the number of
observed signal events, L is the integrated luminosity, ε
is the detection efficiency, 1þ δ is the radiative correction
factor, and B is the branching fraction ofD!þ → Dþðπ0; γÞ,
Dþ → K−πþπþ. From the fit results, we obtain 560.1&
30.6 D!þD̄!0π− events, among which 400.9& 47.3 events
are Zþ

c ð4025Þ candidates. With the input of the observed
center-of-mass energy dependence of σðD!þD̄!0π−Þ, the
radiative correction factor is calculated to second order in
QED [22] to be 0.78& 0.03. The efficiency for
the Zþ

c ð4025Þ signal process is determined to be 23.5%,
while the efficiency of the PHSP signal process is 17.4%.
The total cross section σðeþe− → ðD!D̄!Þ∓π&Þ is mea-
sured to be ð137& 9Þpb, and the ratio R ¼ ðσðeþe− →
Z&
c ð4025Þπ∓ → ðD!D̄!Þ&π∓Þ=σðeþe− → ðD!D̄!Þ&π∓ÞÞ

is determined to be 0.65& 0.09.
Sources of systematic error on the measurement of the

Zþ
c ð4025Þ resonance parameters and the cross section are

listed in Table I. The main sources of systematic uncer-
tainties relevant for determining the Zþ

c ð4025Þ resonance
parameters and the ratio R include the mass scale, the signal
shape, background models, and potentialD!! backgrounds.
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FIG. 4 (color online). Unbinned maximum likelihood fit to the
π− recoil mass spectrum in data. See the text for a detailed
description of the various components that are used in the fit. The
scale of the D!D!! shape is arbitrary.
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e+e− → πZc(4020)

e+e− → π±(π∓hc) e+e− → π0(π0hc)

e+e− → π±(D*D̄*)∓ e+e− → π0(D*D̄*)0

Gaussian with a mass resolution determined from the data
directly. Assuming the spin parity of the Zcð4020Þ JP ¼
1þ, a phase space factor pq3 is considered in the partial
width, where p is the Zcð4020Þ momentum in the eþe%

c.m. frame and q is the hc momentum in the Zcð4020Þ c.m.
frame. The background shape is parametrized as an
ARGUS function [18]. The efficiency curve is considered
in the fit, but possible interferences between the signal and
background are neglected. Figure 4 shows the fit results;
the fit yields a mass of ð4022:9& 0:8Þ MeV=c2 and a width
of ð7:9& 2:7Þ MeV. The goodness of fit is found to be
!2=n:d:f: ¼ 27:3=32 ¼ 0:85 by projecting the events into

a histogram with 46 bins. The statistical significance of the
Zcð4020Þ signal is calculated by comparing the fit like-
lihoods with and without the signal. Besides the nominal
fit, the fit is also performed by changing the fit range, the
signal shape, or the background shape. In all cases, the
significance is found to be greater than 8:9".
The numbers of Zcð4020Þ events are determined to be

N½Zcð4020Þ&( ¼ 114& 25, 72& 17, and 67& 15 at 4.23,
4.26, and 4.36 GeV, respectively. The cross sections are
calculated to be"½eþe% ! #&Zcð4020Þ) ! #þ#%hc( ¼
ð8:7& 1:9& 2:8& 1:4Þ pb at 4.23 GeV, ð7:4&1:7&2:1&
1:2Þ pb at 4.26 GeV, and ð10:3& 2:3& 3:1& 1:6Þ pb at
4.36 GeV, where the first errors are statistical, the second
ones systematic (described in detail below), and the third
ones from the uncertainty in Bðhc ! $%cÞ [14]. The
Zcð4020Þ production rate is uniform at these three energy
points.
Adding a Zcð3900Þ with the mass and width fixed to the

BESIII measurement [1] in the fit results in a statistical
significance of 2:1" (see the inset in Fig. 4). We set upper
limits on the production cross sections as "½eþe% !
#&Zcð3900Þ) ! #þ#%hc(< 13 pb at 4.23 GeV and
<11 pb at 4.26 GeV, at the 90% confidence level (C.L.).
The probability density function from the fit 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 fit the 4.36 GeV data, as the
Zcð3900Þ signal overlaps with the reflection of the
Zcð4020Þ signal.
The systematic errors for the resonance parameters of

the Zcð4020Þ come from the mass calibration, parametri-
zation of the signal and background shapes, possible exis-
tence of the Zcð3900Þ and interference with it, fitting range,
efficiency curve, and mass resolution. The uncertainty
from the mass calibration is estimated by using the differ-
ence between the measured and known hc masses and D0

masses (reconstructed from K%#þ). The differences are
(2:1& 0:4) and %ð0:7& 0:2Þ MeV=c2, respectively. Since
our signal topology has one low momentum pion and many
tracks from the hc 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 the Zcð4020Þ, and, assuming that
contributions from D wave or higher are negligible, the
only alternative is JP ¼ 1% for the Zcð4020Þ. A fit under
this scenario yields a mass difference of 0:2 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 fit range. A difference
of 0:1 MeV=c2 for the mass is found from the former, and
differences of 0:2 MeV=c2 for mass and 1.1MeV 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

)2(GeV/c
ch±πM

3.7 3.8 3.9 4.0 4.1 4.2

 )2
E

ve
nt

s /
 (0

.0
05

 G
eV

/c

0

20

40

60

80

100

120

FIG. 3 (color online). M#&hc distribution of e
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candidate events in the hc signal region (dots with error bars) and
the normalized hc sideband region (shaded histogram), summed
over data at all energy points.
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FIG. 4 (color online). Sum of the simultaneous fits to the
M#&hc distributions at 4.23, 4.26, and 4.36 GeV as described in

the text; the inset shows the sum of the simultaneous fit to the
M#þhc distributions at 4.23 and 4.26 GeV with Zcð3900Þ and

Zcð4020Þ. Dots with error bars are data; shaded histograms are
the normalized sideband background; the solid curves show the
total fit, and the dotted curves the backgrounds from the fit.
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!!!!
1

M2 −m2 − im½Γ1ðMÞ þ Γ2ðMÞ%=c2

!!!!
2

pkqk;

and ΓkðMÞ ¼ fkΓ
pk

p'
k

m
M

ðk ¼ 1; 2Þ:

Here, k ¼ 1 and 2 denote the neutral channel
Zcð4025Þ0 → D'0D̄'0 and the charged channel
Zcð4025Þ0 → D'þD'−, respectively. fk is the ratio of the
partial decay width for channel k. M is the reconstructed
mass, m is the resonance mass, and Γ is the resonance
width. pkðqkÞ is the D'ðπ0Þ momentum in the rest frame
of the D'D̄' system (the initial eþe− system) and p'

k is
the momentum of D' in the Zcð4025Þ0 rest frame at
M ¼ m. We assume that the Zcð4025Þ0 decay rates to the
neutral channel and the charged channel are equal, i.e.,
fk ¼ 0.5, based on isospin symmetry.
We perform a simultaneous unbinned maximum like-

lihood fit to the spectra of RMðπ0Þ at
ffiffiffi
s

p
¼ 4.23 and

4.26 GeV. The signal shapes are taken as convolutions
of the efficiency-weighted Breit-Wigner functions with
resolution functions obtained from MC simulations. The
detector resolutions are 4 MeV at

ffiffiffi
s

p
¼ 4.23 GeV and

4.5 MeV at
ffiffiffi
s

p
¼ 4.26 GeV. Backgrounds are modeled

with kernel-estimated nonparametric shapes [33] based
on the inclusive MC simulations, and their magnitudes
are fixed according to the simulations since the inclusive
MC samples well describe the background. The shape of

the PHSP process is adopted from MC simulations. We
combine the data at

ffiffiffi
s

p
¼ 4.23 GeV and

ffiffiffi
s

p
¼ 4.26 GeV

together, as shown in Fig. 2. The fit determines m
and Γ to be ð4031.7(2.1ÞMeV=c2 and ð25.9(8.8ÞMeV,
respectively. The corresponding pole position
mpole(Zcð4025Þ0) − i½Γpole(Zcð4025Þ0)=2% is calculated
to be

mpole(Zcð4025Þ0) ¼ ð4025.5þ2.0
−4.7Þ MeV=c2;

Γpole(Zcð4025Þ0) ¼ ð23.0( 6.0Þ MeV:

The significance with systematic errors is estimated by
comparing the likelihoods of the fits with and without the
Zcð4025Þ0 signal component included. The likelihood
difference is 2Δ lnL ¼ 45.3 and the difference of the
number of free parameters is 4. When the systematic
uncertainties are taken into account with the assumption
of Gaussian distribution, the significance is estimated to
be 5.9σ.
The Born cross section σ(eþe− → Zcð4025Þ0π0 →

ðD'0D̄'0 þD'þD'−Þπ0) is calculated from the equation

σ ¼
nsig

Lðf1B1ε1 þ f2B2ε2Þð1þ δÞð1þ δvacÞ
;

where L is the integrated luminosity, ε1 (ε2) is the detection
efficiency of the neutral (charged) channel, f1 (f2) is
the ratio of the cross section of the neutral (charged)
channel to the sum of both channels, B1 (B2) is the product
branching fraction of the neutral (charged)D' decays to the
final states we detected. ð1þ δÞ is the radiative correction
factor and ð1þ δvacÞ is the vacuum polarization factor.
From the simultaneous fit, we obtain 69.5( 9.2 signal
events at

ffiffiffi
s

p
¼ 4.23 GeV and 46.1( 8.5 signal events atffiffiffi

s
p

¼ 4.26 GeV. ð1þ δÞ is calculated to be 0.744 at
ffiffiffi
s

p
¼

4.23 GeV and 0.793 at
ffiffiffi
s

p
¼ 4.26 GeV to the second order

in QED [34], where the input line shape of the cross section
is assumed to be the same as for eþe− → ðD'D̄'Þþπ−, as
extracted directly from BESIII data. ð1þ δvacÞ is given as
1.054 following the formula in Ref. [35]. The efficiency ε1
(ε2) is determined to be 1.49% (3.87%) at

ffiffiffi
s

p
¼ 4.23 GeV

and 1.84% (4.37%) at
ffiffiffi
s

p
¼ 4.26 GeV. Thus, the cross

sections are measured to be ð61.6( 8.2Þ pb and ð43.4(
8.0Þ pb at

ffiffiffi
s

p
¼ 4.23 and 4.26 GeV, respectively. The

contribution of the PHSP process is found to be negligible
according to the fit.
Sources of systematic uncertainties in the measurement

of the Zcð4025Þ0 resonance parameters and cross sections
are listed in Table I. Uncertainties of tracking and PID
are each 1% per track [36]. The uncertainty of the π0

reconstruction efficiency is 4% [37]. We study the photon
veto by fitting the recoil mass of Dπ0 with and without this
veto in selecting the control sample of eþe− → ðD'D̄'Þ0π0
in the data. The efficiency-corrected signal yields are used
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FIG. 2 (color online). Fits to RMðπ0Þ. (a) A fit to the back-
ground, PHSP, and Zcð4025Þ0 signal process for the combination
of all data (main panel), and the two collision energies separately
(insets). (b) Fits using only the inclusive background and PHSP.
The points with error bars are the data, the solid line is the sum
of fit functions, the dotted line stands for the Zcð4025Þ0 signals,
the filled area represents the inclusive backgrounds, and the
dash-dotted line is the PHSP process.
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Since theZcð3900Þ0 is alsoobserved ineþe− → π0D$D̄ [19]
and its mass is close to the mass threshold of D$D̄, we also
perform an alternative fit by parametrizing the Zcð3900Þ0
with a Flatté formula as those for eþe− → πþπ−J=ψ [14].
The fit results are not sensitive enough to determine the
coupling constants gπ0J=ψ and gD$D̄. However, if the ratio
gD$D̄=gπ0J=ψ is fixed to the value reported in Ref. [14], the fit

gives a comparable description of the data as the nominal
case. We try to improve the fit toMπ0J=ψ projections around
3.4 GeV by adding a possible new Z state around 3.4 GeV,
substituting the π0π0 − S waves with K-matrix approach
[35], adding the contribution of direct three-body decays
and/or f2ð1270Þ. However, none of these tests make a big
difference due to the limited statistics.
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FIG. 2. (Left column) Dalitz plots of M2
π0J=ψ versus M2

π0π0
, invariant-mass projections (middle column) Mπ0J=ψ and (right column)

Mπ0π0 of the results of the nominal PWA for data samples
ffiffiffi
s

p
¼ 4.226–4.258 GeV. Points with errors are data, red solid curves are the

total fit results, the blue dashed (magenta long-dashed) curves represent Zcð3900Þ0 (π0π0-S wave) components, and green shaded
histograms represent the estimated backgrounds. Each event appears twice in the Dalitz plots and Mπ0J=ψ distributions. The χ2=ndf is
calculated by merging those bins with less than 10 events in the Dalitz plots.
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C. Study of e+ e − → π0Zcð3900Þ0 → π0π0J=ψ

Based on the above procedure, the Born cross sections
for the process eþe− → π0Zcð3900Þ0 → π0π0J=ψ are mea-
sured using σBornZ0

c
¼ fZ0

c
× σBornπ0π0J=ψ , where fZ0

c
is the frac-

tion of the Zcð3900Þ0 component in the eþe− → π0π0J=ψ
process, extracted from the PWA. To obtain the energy-
dependent line shape of the cross section for eþe− →
π0Zcð3900Þ0 → π0π0J=ψ around the Yð4220Þ, we also
perform the PWA for other data samples with c.m. energy
around the Yð4220Þ, individually, where the properties of
the Zcð3900Þ0 and its coupling strength to π0J=ψ are fixed
to those obtained from the simultaneous fit. The resulting
cross sections, shown in Fig. 3 and in Table V, show a clear
structure around 4220 MeV.
We perform a χ2 fit to the Zcð3900Þ0 cross sections using

a coherent sum of a relativistic BW function and σNYð
ffiffiffi
s

p
Þ,

as in Eq. (2), but with a thresholdMthd ¼ Mπ0 þMZcð3900Þ0

for the nonresonant component and a PHSP factor for the
two-body decay R → π0Zcð3900Þ0, which both use the
measured mass of Zcð3900Þ0 from this analysis. Two
solutions with equal quality are found, as shown in
Table VI. The fit curve of one solution is shown in
Fig. 3, with a goodness of fit of χ2=ndf ¼ 8.5=5. The
mass ð4231.9%5.3ÞMeV=c2 and width ð41.2%16.0ÞMeV
of the resonant structure are consistent with those of the
Yð4220Þ presented previously. We also tested the scenarios
including the Yð4320Þ with fixed resonant parameters
and/or phase, but none of those improve the fit quality.
Due to the lack of data around 4.3 GeV, we cannot rule out
a contribution from the Yð4320Þ.

D. Systematic uncertainties

The systematic uncertainties for the Zcð3900Þ0 resonant
parameters and the corresponding cross sections include
those associated with the amplitude modeling and back-
ground treatment in the PWA, as well as the detection
efficiency difference between data and the MC simulation.
The uncertainties associated with the amplitude model-

ing in PWA arise from the parametrizations of the inter-
mediate states (σ, f0ð980Þ, f0ð1370Þ and Zcð3900Þ0), the
radius of angular momentum barrier factor, and possible
missing components. The uncertainties associated with
the parameterizations of intermediate states are studied
individually by describing σ with the PKU ansatz [34] or
the Zou-Bugg approach [34], varying f0ð980Þ couplings
by 1σ of uncertainties [33], describing f0ð1370Þ with a
mass-dependent width BW function, and parametrizing
Zcð3900Þ0 with a Flatté-like formula as described for
eþe− → πþπ−J=ψ [14]. The uncertainty related to the
barrier radius r is estimated by varying r in the range
1.0–5.0 GeV−1. The uncertainty due to extra components is
studied by including the process eþe− → f2ð1270ÞJ=ψ ,
which is the most significant (3.2σ) amplitude not included
in the nominal fit. The uncertainty related to the back-
ground treatment is studied by varying theMlþl−-sideband
region. We perform alternative PWAs for the above
scenarios individually and the resultant (largest) changes
with respect to the nominal values are regarded as the
uncertainties.
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FIG. 3. Fit to the measured eþe− → π0Zcð3900Þ0 → π0π0J=ψ
cross sections. Points with error bars are data, the red solid curve
is the total fit result, the red-dashed (blue-dotted) curve is the
resonant (nonresonant) component, and the magenta dash-dotted
line represents the interference of the two components.

TABLE V. Summary of the Born cross sections of eþe− →
π0Z0

c → π0π0J=ψ . The first uncertainties are statistical and the
second systematic.

ffiffiffi
s

p
ðGeVÞ σeþe−→π0Z0

c
ðpbÞ

4.178 1.24% 0.29% 0.87
4.189 1.62% 0.57% 1.13
4.200 4.65% 1.06% 3.26
4.210 2.75% 0.94% 1.93
4.219 6.66% 1.50% 4.68
4.226 6.14% 1.09% 4.31
4.236 7.87% 1.80% 2.59
4.244 5.03% 1.21% 1.38
4.258 2.34% 0.82% 0.74
4.267 1.82% 0.75% 1.28
4.278 4.78% 2.78% 3.36

TABLE VI. Summary of the fit results to the measured cross
sections of eþe− → π0Zcð3900Þ0 → π0π0J=ψ . The uncertainties
are statistical only.

Parameters Solution I Solution II

p0ðc2=MeVÞ 0.0% 11.3
p1 ð1.8% 1.9Þ × 10−2

MðRÞ ðMeV=c2Þ 4231.9% 5.3
ΓtotðRÞÞ ðMeVÞ 41.2% 16.0
ΓeeBR→π0Zcð3900Þ0 ðeVÞ 0.53% 0.15 0.22% 0.25
ϕðRÞ ð−103.9% 33.9Þ° ð112.7% 43.0Þ°
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Since theZcð3900Þ0 is alsoobserved ineþe− → π0D$D̄ [19]
and its mass is close to the mass threshold of D$D̄, we also
perform an alternative fit by parametrizing the Zcð3900Þ0
with a Flatté formula as those for eþe− → πþπ−J=ψ [14].
The fit results are not sensitive enough to determine the
coupling constants gπ0J=ψ and gD$D̄. However, if the ratio
gD$D̄=gπ0J=ψ is fixed to the value reported in Ref. [14], the fit

gives a comparable description of the data as the nominal
case. We try to improve the fit toMπ0J=ψ projections around
3.4 GeV by adding a possible new Z state around 3.4 GeV,
substituting the π0π0 − S waves with K-matrix approach
[35], adding the contribution of direct three-body decays
and/or f2ð1270Þ. However, none of these tests make a big
difference due to the limited statistics.
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FIG. 2. (Left column) Dalitz plots of M2
π0J=ψ versus M2

π0π0
, invariant-mass projections (middle column) Mπ0J=ψ and (right column)

Mπ0π0 of the results of the nominal PWA for data samples
ffiffiffi
s

p
¼ 4.226–4.258 GeV. Points with errors are data, red solid curves are the

total fit results, the blue dashed (magenta long-dashed) curves represent Zcð3900Þ0 (π0π0-S wave) components, and green shaded
histograms represent the estimated backgrounds. Each event appears twice in the Dalitz plots and Mπ0J=ψ distributions. The χ2=ndf is
calculated by merging those bins with less than 10 events in the Dalitz plots.
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Since theZcð3900Þ0 is alsoobserved ineþe− → π0D$D̄ [19]
and its mass is close to the mass threshold of D$D̄, we also
perform an alternative fit by parametrizing the Zcð3900Þ0
with a Flatté formula as those for eþe− → πþπ−J=ψ [14].
The fit results are not sensitive enough to determine the
coupling constants gπ0J=ψ and gD$D̄. However, if the ratio
gD$D̄=gπ0J=ψ is fixed to the value reported in Ref. [14], the fit

gives a comparable description of the data as the nominal
case. We try to improve the fit toMπ0J=ψ projections around
3.4 GeV by adding a possible new Z state around 3.4 GeV,
substituting the π0π0 − S waves with K-matrix approach
[35], adding the contribution of direct three-body decays
and/or f2ð1270Þ. However, none of these tests make a big
difference due to the limited statistics.
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π0J=ψ versus M2

π0π0
, invariant-mass projections (middle column) Mπ0J=ψ and (right column)

Mπ0π0 of the results of the nominal PWA for data samples
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p
¼ 4.226–4.258 GeV. Points with errors are data, red solid curves are the

total fit results, the blue dashed (magenta long-dashed) curves represent Zcð3900Þ0 (π0π0-S wave) components, and green shaded
histograms represent the estimated backgrounds. Each event appears twice in the Dalitz plots and Mπ0J=ψ distributions. The χ2=ndf is
calculated by merging those bins with less than 10 events in the Dalitz plots.
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mass-constrained kinematic fit (KF) to the nominalD mass
is performed, and the KF chi square χ2D is required to be less
than 100. In case there is more than oneDD̄ combination in
an event, only the candidate with the minimum sum of
χ2D þ χ2D̄ is kept. The DD̄ four-momenta from the mass-
constrained KF are used for the further analysis.
The primary π0 candidates are reconstructed with pairs

of photons which are not used in forming the DD̄ mesons,
and their invariant masses MðγγÞ must be in the range
ð0.120; 0.150Þ GeV=c2. To reduce backgrounds and to
improve the resolution, a KF with 2 degrees of freedom
(2C) is performed, constraining MðγγÞ to the nominal π0

mass mðπ0Þ and the recoil mass of π0DD̄, RMðπ0DD̄Þ, to
the nominal π mass. The 2C KF chi square χ22CðπÞ must be
less than 200. For each DD̄ mode, if there is more than one
primary π0 candidate, the one with the minimum χ2C2ðπÞ is
retained for further analysis. For eþe− → D0D̄$0π0 with
D̄$0 → D̄0π0, the process eþe− → D0D̄$0π0 with D̄$0 →
D̄0γ is a major background. To reject this background,
we require χ22Cðπ0Þ < 60. We also perform a similar 2C KF
but constrain RMðπ0D0D̄0Þ to be zero, which corresponds
to the mass of the photon in D̄$0 → D̄0γ, and the corre-
sponding fit chi square is required to satisfy χ22CðγÞ > 20
to further suppress this background. The fitted four-
momentum of the primary π0 is used in the next stage
of the analysis.
In the surviving events, the occurrence of multiple

ðDD̄$Þ0π0 combinations per event is negligible. To help
separate the signal events, we require MðDþπ0Þ >
2.1 GeV=c2 and MðD0π0Þ > 2.1 GeV=c2 [25]. Because
of the limited phase space, the invariant mass of
Dþπ0ðD0π0Þ and that of D̄0π0 are highly correlated, and
the background with the selected π0 and D̄0 from the D̄$0

decay is suppressed by the above selection criteria, too. The
RMðDπ0Þ distributions are illustrated in Fig. 1, where clear
peaks are seen over simulated backgrounds around the
mðD$Þ position. These peaks correspond to the final states
of ðDD̄$Þ0π0. We further require events to be within the

mass window jRMðDπ0Þ −mðD$Þj < 36 MeV=c2 for the
final analysis.
The MðDD̄$Þ distribution of the surviving events is

plotted in Fig. 2. An enhancement near the DD̄$ mass
threshold around 3.9 GeV=c2 is visible, which is seen in
both DþD$−π0 and D0D̄$0π0 at

ffiffiffi
s

p
¼ 4.226 and

4.257 GeV. As verified in MC simulations, these structures
cannot be attributed to the eþe− → ðDD̄$Þ0π0 three body
PHSP or inclusive MC background. Possible backgrounds
from eþe− → Dð$ÞD̄$$ → DD̄$π have been studied. Most
of them, such as D$D̄$ð2400Þ, DD̄$ð2460Þ, and
D$D̄$ð2420Þ cannot contribute to the selected events since
their mass thresholds are higher than 4.26 GeV=c2. The
only possible peaking background eþe− → Dð$ÞD̄1ð2420Þ
has been studied in Ref. [5], and its contribution is found to
be negligible.
Assuming that there is a resonant structure close to the

DD̄$ mass threshold [labeled as Zcð3885Þ0], we model its
line shape using a relativistic S-wave Breit-Wigner function
with a mass-dependent width multiplied with a phase space
factor q,
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select the Dþ candidates. We use events in 30 MeV=c2-
wide sideband regions centered at 40 MeV=c2 above
and below the D mass peaks to evaluate non-D meson
backgrounds.
Figure 1(a) shows the distribution of masses recoiling

against the detected πþD0 system [23], where a prominent
peak at mD"− is evident. The solid-line histogram shows the
same distribution for MC-simulated eþe− → πþD0D"−,
D0 → K−πþ three-body phase-space events. Because of
the limited phase space, some events from the isospin part-
ner decay πþZcð3885Þ−, Zcð3885Þ− → D−D"0, where the
detected D0 is from the D"0 decay, also peak near mD"−, as
shown by the dashed histogram for MC-simulated
eþe− → πþZcð3885Þ−, Zcð3885Þ− → D−D"0, D"0 → γ
or π0D0 decays with the mass and width of the
Zcð3885Þ set to our final measured values. Since the
DD̄" invariant mass distribution is equivalent to the bach-
elor pion recoil mass spectrum, the shape of the
Zcð3885Þ → DD̄" signal peak is not sensitive to the parent-
age of the D meson that is used for the event tagging.
Figure 1(b) shows the corresponding plot for π−Dþ-tag
events, where the solid histogram shows the contribution
from MC-simulated eþe− → π−DþD̄"0 three-body
phase-space events and the dashed histogram shows the
cross feed from MC-simulated eþe− → π−Zcð3885Þþ,
Zcð3885Þþ → D̄0D"þ, D"þ → π0Dþ events.
We apply a two-constraint (2C) kinematic fit to the

selected events that constrains the invariant mass of the
D0 (Dþ) candidate to be equal to mD0 (mDþ) and the mass
recoiling from the πþD0 (π−Dþ) to be equal to mD"−

(mD̄"0). If there is more than one bachelor pion candidate
in an event, we retain the one with the smallest χ2 from
the 2C fit. Events with χ2 < 30 are retained for further
analysis. For the πþD0-tag analysis, we require
MðπþD0Þ > 2.02 GeV=c2 to reject eþe− → D"þD"−,
D"þ → πþD0 events. Figure 2(a) [2(b)] shows the distribu-
tion ofD0D"− (DþD̄"0) invariant masses recoiling from the
bachelor pion for the πþD0- (π−Dþ-) tag events. Both dis-
tributions have a distinct peak near the mD þmD̄" mass
threshold. For cross-feed events, the reconstructed D
meson is not, in fact, recoiling from a D̄", and the efficiency
for these events decreases with increasing DD̄" 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) and 2(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 assume S waves for Zcð3885Þ production and decay,
and leave the Zcð3885Þ 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 than 1 MeV=c2 and
ignored. For the default nonpeaking background, we
use: fbkgðmDD̄" Þ∝ ðmDD̄" −MminÞcðMmax−mDD̄"Þd, where
Mmin and Mmax are the minimum and maximum kinemat-
ically allowed masses, respectively, and c and d are free
parameters.
The solid curves in Fig. 2 show the fit results and the

dashed curves show the nonresonant background. The
Zcð3885Þ signal significance for each fit is greater than
18σ. The fitted BW mass and width from the πþD0

(π−Dþ)-tag sample are 3889:2% 1.8 MeV=c2 and 28:1%
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 quantities P ¼ Mpole − iΓpole=2 for which the BW
denominators are zero, and useMpole and Γpole to character-
ize the Zcð3885Þ. These are listed in Table I.
Monte Carlo studies indicate that the process

eþe− → DD̄1ð2420Þ, D̄1ð2420Þ → D̄"π, where D1ð2420Þ
is the lightest established D"π resonance with
MD1

¼ 2421:3% 0.6 MeV=c2 and ΓD1
¼ 27:1%

2.7 MeV [6], would produce a near-threshold reflection
peak in the DD̄" mass distribution. The D1ð2420Þ peak
mass is 30 MeV=c2 above the

ffiffiffi
s

p −mD kinematic boun-
dary, which suggests that contributions from DD̄1ð2420Þ
final states would be small. However, some models for
the Yð4260Þ attribute it to a bound DD̄1 molecular state
[13], in which case subthreshold D̄1 → D̄"π decays
might be important and, possibly, produce a reflection peak
in the DD̄" mass distribution that mimics a Zcð3885Þ
signal.
We study this possibility by separating the events into

two samples according to j cos θπDj > 0.5 and

FIG. 2 (color online). The (a) MðD0D"−Þ and
(b) MðDþD̄"0Þ distributions for selected events. The curves
are described in the text.

TABLE I. The pole mass Mpole and width Γpole, signal yields
and fit quality (χ2=ndf) for the two tag samples.

Tag Mpole ðMeV=c2Þ Γpole (MeV) Zc signal (evts) χ2=ndf

πþD0 3882:3% 1.5 24:6% 3.3 502% 41 54=54
π−Dþ 3885:5% 1.5 24:9% 3.2 710% 54 60=54
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e+e− → πZc(3900)

e+e− → π±(π∓J/ψ) e+e− → π0(π0J/ψ)

e+e− → π0(DD̄*)0e+e− → π±(DD̄*)∓

is a kinematic factor with ki being the magnitude of the
three-vector momentum of the final state particle (J=ψ orD)
in the Zc rest frame; and g01 and g

0
2 are the coupling strengths

of Z!
c → π!J=ψ and Z!

c → ðDD̄#Þ!, respectively, which
will be determined by the fit to the data.
To describe the πþπ− mass spectrum, four resonances, σ,

f0ð980Þ, f2ð1270Þ, and f0ð1370Þ, are introduced. f0ð980Þ
is described with a Flatté formula [25], and the others are
described with relativistic Breit-Wigner (BW) functions.
The width of the wide resonance σ is parametrized
with ΓσðsÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð4m2

π=sÞ
p

Γ [26,27], and the masses
and widths for the f2ð1270Þ and f0ð1370Þ 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 ðlogLÞ values between
including and excluding this resonance in the fits, and the
probability is calculated under the χ2 distribution hypoth-
esis taking the change of the number of degrees of freedom
ΔðndfÞ into account. With this procedure, the statistical
significance of each of these states and the nonresonant
process is estimated to be larger than 5σ. All of them are
therefore included in the nominal fit, which includes
the eþe−→σJ=ψ , f0J=ψ , f0ð1370ÞJ=ψ , f2ð1270ÞJ=ψ ,
Z!
c π∓, 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 describing Zc decays. The oppositely
charged Zc states are regarded as isospin partners; they
share a common mass and coupling parameters g01 and g02.
Figure 1 shows projections of the fit results at

ffiffiffi
s

p
¼ 4.23

and 4.26 GeV, with a fit goodness of the Dalitz plot
χ2=ndf ¼ 1.3 and 1.2, respectively. The mass of Z!

c is
measured to beMZc

¼ ð3901.5! 2.7statÞ MeV=c2, and the
coupling parameters g01 ¼ ð0.075! 0.006statÞ GeV2 and
g02=g

0
1 ¼ 27.1! 2.0stat. This measurement is consistent

with the previous result g02=g
0
1 ¼ 27.1! 13.1 estimated

based on the measured decay width ratio ΓðZ!
c →

ðDD̄#Þ!Þ=ΓðZ!
c → J=ψπ!Þ ¼ 6.2! 2.9 [10]. If the Z!

c
is parametrized as a constant-width BW function,
the simultaneous fit gives a mass of ð3897.6!
1.2statÞ MeV=c2 and a width of ð43.5! 1.5statÞ MeV, but
the value of − lnL increases by 22 with ΔðndfÞ ¼ 1. The
BW parametrization is thus disfavored with a significance
of 6.6σ.
Figure 2 shows the polar angle (θZ!

c
) distribution of Z!

c in
the process eþe− → Zþ

c π− þ c:c: and the helicity angle
ðθJ=ψ Þ distribution in the decay Z!

c → π!J=ψ for the

FIG. 1. Projections to mπþπ− (a),(c) and mJ=ψπ! (b),(d) of the fit results with JP ¼ 1þ for the Zc, at
ffiffiffi
s

p
¼ 4.23 GeV (a),(b) andffiffiffi

s
p

¼ 4.26 GeV (c),(d). The points with error bars are data, and the black histograms are the total fit results including backgrounds. The
shaded histogram denotes backgrounds. The contributions from the πþπ−S-wave J=ψ , f2ð1270ÞJ=ψ , and Z!

c π∓ are shown in the plots. The
πþπ−S-wave resonances include the σ, f0ð980Þ, and f0ð1370Þ. Plots (b) and (d) are filled with two entries (mJ=ψπþ and mJ=ψπ− ) per event.
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background shapes (δbkg) are estimated by changing the
background function from a first-order to a second-order
polynomial; the uncertainty from the mass resolution (δres)
is estimated by varying the mass resolution difference
between data and MC simulation by 1 standard deviation;
the uncertainty from fit range (δfit) is estimated by extend-
ing the fit range; the uncertainty from the π0π0hc sub-
structure (δsub) is estimated by considering the efficiency
with and without the inclusion of a Zcð4020Þ0. The
contribution from each source of systematic error are listed
in Table II.
Assuming all of the above uncertainties are independent,

the total systematic uncertainties in the eþe− → π0π0hc
cross section measurements are determined to be between
10% and 13%. The uncertainty in Bðhc → γηcÞ, not listed
in Table II but common to all CME points, is 15.7% [16]
and is quoted separately in the cross section measurement.
Intermediate states are studied by examining the Mrecoil

π0

distribution (which corresponds to the reconstructed π0hc
invariant mass) for the selected π0π0hc candidate events.
The hc signal events are selected by requiringMrecoil

π0π0 in the
range of [3.51, 3.55], and events in the sideband regions
[3.45, 3.49] and [3.57, 3.61] are used to study the

background. From the two combinations of the π0 recoil
mass in each event, we retain the one with the larger π0

recoil mass value, and denote this as Mrecoil
π0 jmax. Figure 2

shows the Mrecoil
π0 jmax distribution for the signal events

where there is an obvious peak near 4.02 GeV=c2, which
corresponds to the expected position of a Zcð4020Þ0 signal.
An unbinned maximum likelihood fit is applied to the

Mrecoil
π0 jmax distribution summed over all 16 ηc decay modes.

The data at
ffiffiffi
s

p
¼ 4.23, 4.26, and 4.36 GeV are fitted

simultaneously with the same signal function with common
mass and width. The signal shape is parametrized with a
constant-width relativistic Breit-Wigner function con-
volved with a Gaussian-distributed mass resolution, where
the mass resolution is determined from a fit to a MC sample
with the width set to zero. Because of the limited statistics
of the Zcð4020Þ0 signal, its width is fixed to that of its
charged partner, ð7.9% 2.6Þ MeV [4]. Assuming the spin
and parity of the Zcð4020Þ0 are 1þ, a phase space factor
pq3 is included in the partial width, where p is the
Zcð4020Þ0 momentum in the eþe− rest frame and q is
the hc momentum in the Zcð4020Þ0 rest frame.
There are two types of backgrounds in the Mrecoil

π0 jmax

distribution. One is the non-hc background in the hc signal
region, which can be represented by the hc sideband events,
and the other is the non-Zcð4020Þ0 π0π0hc events that may
come from three-body π0π0hc decays or from production of
intermediate scalar states, such as the f0ð980Þ, that decay
into π0π0. Since the widths of the low-mass scalar particles
are large, these non-Zcð4020Þ0 π0π0hc events can be
reasonably well described with a phase space distribution.
For the non-hc background, a comparison of the hc side-
band events with the simulated phase space events indicates
that it can also be described with a three-body phase space
distribution. Thus, in the fit all of the background sources
are described with a single MC-simulated phase space
shape with a total normalization that is left as a free
parameter. In the fit, the signal shape mentioned above is
multiplied by the efficiency, which depends on Mrecoil

π0 jmax.
Interference between the signal and background is
neglected.
The solid curve in Fig. 2 shows the fit results, which

yields a Zcð4020Þ0 mass of 4023.9% 2.2 MeV=c2. The
mass difference between neutral and charged Zcð4020Þ is
1.0% 2.3ðstatÞ MeV=c2, which agrees with zero within
error. By projecting the events into a histogram with 50
bins, the goodness of the fit is calculated from the

TABLE II. The systematic uncertainties (%) in σBðeþe− → π0π0hcÞ.
ffiffiffi
s

p
(GeV) δL δfit δres δbkg δηc−mass δsub δISR δVac δϵiBðηc→XiÞ

4.230 1.0 1.3 0.9 5.9 1.6 2.1 2.2 0.5 7.2
4.260 1.0 0.9 0.4 9.5 4.8 1.6 2.3 0.5 7.3
4.360 1.0 1.0 0.1 7.1 4.6 0.6 0.4 0.5 7.2
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FIG. 2 (color online). Sum of the simultaneous fit to the
Mrecoil

π0 jmax distribution at
ffiffiffi
s

p
¼ 4.23, 4.26, and 4.36 GeV as

described in the text. Dots with errors bars are data; the green
shaded histogram shows the normalized hc sideband events; the
black dashed curve is the background from the fit; the red
histogram shows the result from a phase space MC simulation.
The solid blue line shows the total fit.
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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) and 3(c), the WS events with a scaling factor of
1.9 well represent the combinatorial backgrounds in the
recoil mass spectra of the bachelor π−. This scaling is
verified by an analysis of the inclusive MC data.
Backgrounds from the soft π− from D!− decays in the
eþe− → D!þD!−ðπ0; γISRÞ processes are not well
described by the WS background; its RMðπ−Þ distribution
peaks in the region above 4.1 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!þD̄!0π− final states within the signal region
ð2.135; 2.175Þ GeV=c2 in Fig. 3(a) are selected and dis-
played in Fig. 4. The enhancement cannot be attributed to
the PHSP eþe− → D!þD̄!0π− process. We simulate the
processes of eþe− → D!!D̄ð!Þ; D!! → Dð!ÞπðπÞ, where
D!! denotes neutral and charged highly excited D states,
such as D!

0ð2400Þ, D1ð2420Þ, D1ð2430Þ, and D!
2ð2460Þ.

Among these processes, only those with D!þD̄!0π− 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 π− recoil mass
spectra for these simulated events is seen in Fig. 4. Since
the energy

ffiffiffi
s

p
¼ 4.26 GeV is much lower than the pro-

duction thresholds of D!!D̄!, we neglect the possibility of
backgrounds relevant to D!!D̄! processes.
The observed enhancement is very close to the

mðD!þÞ þmðD̄!0Þ mass threshold. We assume that the
enhancement is due to a particle, labeled as Zþ

c ð4025Þ, and
parameterize its line shape by the product of an S-wave
Breit-Wigner (BW) shape and a phase space factor p · q

""""
1

M2 −m2 þ imΓ=c2

""""
2

· p · q: (1)

Here,M is the reconstructed mass;m is the resonance mass;
Γ is the width; pðqÞ is the D!þðπ−Þ momentum in the rest
frame of the D!þD̄!0 system (the initial eþe− system).
The signal yield of Zþ

c ð4025Þ is estimated by an
unbinned maximum likelihood fit to the spectrum of
RMðπ−Þ. The fit results are shown in Fig. 4. Possible
interference between the Zþ

c ð4025Þ signals and the PHSP
processes is neglected. The Zþ

c ð4025Þ 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 about 2 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 of m and Γ in
Eq. (1) are determined to be

mðZþ
c ð4025ÞÞ ¼ ð4026.3& 2.6Þ MeV=c2;

ΓðZþ
c ð4025ÞÞ ¼ ð24.8& 5.6Þ MeV:

A goodness-of-fit test gives a χ2=d.o.f. ¼ 30.4=33 ¼ 0.92.
The Zþ

c ð4025Þ signal is observed with a statistical signifi-
cance of 13σ, 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 10σ.
The Born cross section is determined from

σ ¼ ðnsig=Lð1þ δÞεBÞ, where nsig is the number of
observed signal events, L is the integrated luminosity, ε
is the detection efficiency, 1þ δ is the radiative correction
factor, and B is the branching fraction ofD!þ → Dþðπ0; γÞ,
Dþ → K−πþπþ. From the fit results, we obtain 560.1&
30.6 D!þD̄!0π− events, among which 400.9& 47.3 events
are Zþ

c ð4025Þ candidates. With the input of the observed
center-of-mass energy dependence of σðD!þD̄!0π−Þ, the
radiative correction factor is calculated to second order in
QED [22] to be 0.78& 0.03. The efficiency for
the Zþ

c ð4025Þ signal process is determined to be 23.5%,
while the efficiency of the PHSP signal process is 17.4%.
The total cross section σðeþe− → ðD!D̄!Þ∓π&Þ is mea-
sured to be ð137& 9Þpb, and the ratio R ¼ ðσðeþe− →
Z&
c ð4025Þπ∓ → ðD!D̄!Þ&π∓Þ=σðeþe− → ðD!D̄!Þ&π∓ÞÞ

is determined to be 0.65& 0.09.
Sources of systematic error on the measurement of the

Zþ
c ð4025Þ resonance parameters and the cross section are

listed in Table I. The main sources of systematic uncer-
tainties relevant for determining the Zþ

c ð4025Þ resonance
parameters and the ratio R include the mass scale, the signal
shape, background models, and potentialD!! backgrounds.
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FIG. 4 (color online). Unbinned maximum likelihood fit to the
π− recoil mass spectrum in data. See the text for a detailed
description of the various components that are used in the fit. The
scale of the D!D!! shape is arbitrary.
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e+e− → πZc(4020)

e+e− → π±(π∓hc) e+e− → π0(π0hc)

e+e− → π±(D*D̄*)∓ e+e− → π0(D*D̄*)0

Gaussian with a mass resolution determined from the data
directly. Assuming the spin parity of the Zcð4020Þ JP ¼
1þ, a phase space factor pq3 is considered in the partial
width, where p is the Zcð4020Þ momentum in the eþe%

c.m. frame and q is the hc momentum in the Zcð4020Þ c.m.
frame. The background shape is parametrized as an
ARGUS function [18]. The efficiency curve is considered
in the fit, but possible interferences between the signal and
background are neglected. Figure 4 shows the fit results;
the fit yields a mass of ð4022:9& 0:8Þ MeV=c2 and a width
of ð7:9& 2:7Þ MeV. The goodness of fit is found to be
!2=n:d:f: ¼ 27:3=32 ¼ 0:85 by projecting the events into

a histogram with 46 bins. The statistical significance of the
Zcð4020Þ signal is calculated by comparing the fit like-
lihoods with and without the signal. Besides the nominal
fit, the fit is also performed by changing the fit range, the
signal shape, or the background shape. In all cases, the
significance is found to be greater than 8:9".
The numbers of Zcð4020Þ events are determined to be

N½Zcð4020Þ&( ¼ 114& 25, 72& 17, and 67& 15 at 4.23,
4.26, and 4.36 GeV, respectively. The cross sections are
calculated to be"½eþe% ! #&Zcð4020Þ) ! #þ#%hc( ¼
ð8:7& 1:9& 2:8& 1:4Þ pb at 4.23 GeV, ð7:4&1:7&2:1&
1:2Þ pb at 4.26 GeV, and ð10:3& 2:3& 3:1& 1:6Þ pb at
4.36 GeV, where the first errors are statistical, the second
ones systematic (described in detail below), and the third
ones from the uncertainty in Bðhc ! $%cÞ [14]. The
Zcð4020Þ production rate is uniform at these three energy
points.
Adding a Zcð3900Þ with the mass and width fixed to the

BESIII measurement [1] in the fit results in a statistical
significance of 2:1" (see the inset in Fig. 4). We set upper
limits on the production cross sections as "½eþe% !
#&Zcð3900Þ) ! #þ#%hc(< 13 pb at 4.23 GeV and
<11 pb at 4.26 GeV, at the 90% confidence level (C.L.).
The probability density function from the fit 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 fit the 4.36 GeV data, as the
Zcð3900Þ signal overlaps with the reflection of the
Zcð4020Þ signal.
The systematic errors for the resonance parameters of

the Zcð4020Þ come from the mass calibration, parametri-
zation of the signal and background shapes, possible exis-
tence of the Zcð3900Þ and interference with it, fitting range,
efficiency curve, and mass resolution. The uncertainty
from the mass calibration is estimated by using the differ-
ence between the measured and known hc masses and D0

masses (reconstructed from K%#þ). The differences are
(2:1& 0:4) and %ð0:7& 0:2Þ MeV=c2, respectively. Since
our signal topology has one low momentum pion and many
tracks from the hc 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 the Zcð4020Þ, and, assuming that
contributions from D wave or higher are negligible, the
only alternative is JP ¼ 1% for the Zcð4020Þ. A fit under
this scenario yields a mass difference of 0:2 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 fit range. A difference
of 0:1 MeV=c2 for the mass is found from the former, and
differences of 0:2 MeV=c2 for mass and 1.1MeV 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 of e
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candidate events in the hc signal region (dots with error bars) and
the normalized hc sideband region (shaded histogram), summed
over data at all energy points.
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FIG. 4 (color online). Sum of the simultaneous fits to the
M#&hc distributions at 4.23, 4.26, and 4.36 GeV as described in

the text; the inset shows the sum of the simultaneous fit to the
M#þhc distributions at 4.23 and 4.26 GeV with Zcð3900Þ and

Zcð4020Þ. Dots with error bars are data; shaded histograms are
the normalized sideband background; the solid curves show the
total fit, and the dotted curves the backgrounds from the fit.
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!!!!
1

M2 −m2 − im½Γ1ðMÞ þ Γ2ðMÞ%=c2

!!!!
2

pkqk;

and ΓkðMÞ ¼ fkΓ
pk

p'
k

m
M

ðk ¼ 1; 2Þ:

Here, k ¼ 1 and 2 denote the neutral channel
Zcð4025Þ0 → D'0D̄'0 and the charged channel
Zcð4025Þ0 → D'þD'−, respectively. fk is the ratio of the
partial decay width for channel k. M is the reconstructed
mass, m is the resonance mass, and Γ is the resonance
width. pkðqkÞ is the D'ðπ0Þ momentum in the rest frame
of the D'D̄' system (the initial eþe− system) and p'

k is
the momentum of D' in the Zcð4025Þ0 rest frame at
M ¼ m. We assume that the Zcð4025Þ0 decay rates to the
neutral channel and the charged channel are equal, i.e.,
fk ¼ 0.5, based on isospin symmetry.
We perform a simultaneous unbinned maximum like-

lihood fit to the spectra of RMðπ0Þ at
ffiffiffi
s

p
¼ 4.23 and

4.26 GeV. The signal shapes are taken as convolutions
of the efficiency-weighted Breit-Wigner functions with
resolution functions obtained from MC simulations. The
detector resolutions are 4 MeV at

ffiffiffi
s

p
¼ 4.23 GeV and

4.5 MeV at
ffiffiffi
s

p
¼ 4.26 GeV. Backgrounds are modeled

with kernel-estimated nonparametric shapes [33] based
on the inclusive MC simulations, and their magnitudes
are fixed according to the simulations since the inclusive
MC samples well describe the background. The shape of

the PHSP process is adopted from MC simulations. We
combine the data at

ffiffiffi
s

p
¼ 4.23 GeV and

ffiffiffi
s

p
¼ 4.26 GeV

together, as shown in Fig. 2. The fit determines m
and Γ to be ð4031.7(2.1ÞMeV=c2 and ð25.9(8.8ÞMeV,
respectively. The corresponding pole position
mpole(Zcð4025Þ0) − i½Γpole(Zcð4025Þ0)=2% is calculated
to be

mpole(Zcð4025Þ0) ¼ ð4025.5þ2.0
−4.7Þ MeV=c2;

Γpole(Zcð4025Þ0) ¼ ð23.0( 6.0Þ MeV:

The significance with systematic errors is estimated by
comparing the likelihoods of the fits with and without the
Zcð4025Þ0 signal component included. The likelihood
difference is 2Δ lnL ¼ 45.3 and the difference of the
number of free parameters is 4. When the systematic
uncertainties are taken into account with the assumption
of Gaussian distribution, the significance is estimated to
be 5.9σ.
The Born cross section σ(eþe− → Zcð4025Þ0π0 →

ðD'0D̄'0 þD'þD'−Þπ0) is calculated from the equation

σ ¼
nsig

Lðf1B1ε1 þ f2B2ε2Þð1þ δÞð1þ δvacÞ
;

where L is the integrated luminosity, ε1 (ε2) is the detection
efficiency of the neutral (charged) channel, f1 (f2) is
the ratio of the cross section of the neutral (charged)
channel to the sum of both channels, B1 (B2) is the product
branching fraction of the neutral (charged)D' decays to the
final states we detected. ð1þ δÞ is the radiative correction
factor and ð1þ δvacÞ is the vacuum polarization factor.
From the simultaneous fit, we obtain 69.5( 9.2 signal
events at

ffiffiffi
s

p
¼ 4.23 GeV and 46.1( 8.5 signal events atffiffiffi

s
p

¼ 4.26 GeV. ð1þ δÞ is calculated to be 0.744 at
ffiffiffi
s

p
¼

4.23 GeV and 0.793 at
ffiffiffi
s

p
¼ 4.26 GeV to the second order

in QED [34], where the input line shape of the cross section
is assumed to be the same as for eþe− → ðD'D̄'Þþπ−, as
extracted directly from BESIII data. ð1þ δvacÞ is given as
1.054 following the formula in Ref. [35]. The efficiency ε1
(ε2) is determined to be 1.49% (3.87%) at

ffiffiffi
s

p
¼ 4.23 GeV

and 1.84% (4.37%) at
ffiffiffi
s

p
¼ 4.26 GeV. Thus, the cross

sections are measured to be ð61.6( 8.2Þ pb and ð43.4(
8.0Þ pb at

ffiffiffi
s

p
¼ 4.23 and 4.26 GeV, respectively. The

contribution of the PHSP process is found to be negligible
according to the fit.
Sources of systematic uncertainties in the measurement

of the Zcð4025Þ0 resonance parameters and cross sections
are listed in Table I. Uncertainties of tracking and PID
are each 1% per track [36]. The uncertainty of the π0

reconstruction efficiency is 4% [37]. We study the photon
veto by fitting the recoil mass of Dπ0 with and without this
veto in selecting the control sample of eþe− → ðD'D̄'Þ0π0
in the data. The efficiency-corrected signal yields are used
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FIG. 2 (color online). Fits to RMðπ0Þ. (a) A fit to the back-
ground, PHSP, and Zcð4025Þ0 signal process for the combination
of all data (main panel), and the two collision energies separately
(insets). (b) Fits using only the inclusive background and PHSP.
The points with error bars are the data, the solid line is the sum
of fit functions, the dotted line stands for the Zcð4025Þ0 signals,
the filled area represents the inclusive backgrounds, and the
dash-dotted line is the PHSP process.
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Since theZcð3900Þ0 is alsoobserved ineþe− → π0D$D̄ [19]
and its mass is close to the mass threshold of D$D̄, we also
perform an alternative fit by parametrizing the Zcð3900Þ0
with a Flatté formula as those for eþe− → πþπ−J=ψ [14].
The fit results are not sensitive enough to determine the
coupling constants gπ0J=ψ and gD$D̄. However, if the ratio
gD$D̄=gπ0J=ψ is fixed to the value reported in Ref. [14], the fit

gives a comparable description of the data as the nominal
case. We try to improve the fit toMπ0J=ψ projections around
3.4 GeV by adding a possible new Z state around 3.4 GeV,
substituting the π0π0 − S waves with K-matrix approach
[35], adding the contribution of direct three-body decays
and/or f2ð1270Þ. However, none of these tests make a big
difference due to the limited statistics.
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FIG. 2. (Left column) Dalitz plots of M2
π0J=ψ versus M2

π0π0
, invariant-mass projections (middle column) Mπ0J=ψ and (right column)

Mπ0π0 of the results of the nominal PWA for data samples
ffiffiffi
s

p
¼ 4.226–4.258 GeV. Points with errors are data, red solid curves are the

total fit results, the blue dashed (magenta long-dashed) curves represent Zcð3900Þ0 (π0π0-S wave) components, and green shaded
histograms represent the estimated backgrounds. Each event appears twice in the Dalitz plots and Mπ0J=ψ distributions. The χ2=ndf is
calculated by merging those bins with less than 10 events in the Dalitz plots.
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C. Study of e+ e − → π0Zcð3900Þ0 → π0π0J=ψ

Based on the above procedure, the Born cross sections
for the process eþe− → π0Zcð3900Þ0 → π0π0J=ψ are mea-
sured using σBornZ0

c
¼ fZ0

c
× σBornπ0π0J=ψ , where fZ0

c
is the frac-

tion of the Zcð3900Þ0 component in the eþe− → π0π0J=ψ
process, extracted from the PWA. To obtain the energy-
dependent line shape of the cross section for eþe− →
π0Zcð3900Þ0 → π0π0J=ψ around the Yð4220Þ, we also
perform the PWA for other data samples with c.m. energy
around the Yð4220Þ, individually, where the properties of
the Zcð3900Þ0 and its coupling strength to π0J=ψ are fixed
to those obtained from the simultaneous fit. The resulting
cross sections, shown in Fig. 3 and in Table V, show a clear
structure around 4220 MeV.
We perform a χ2 fit to the Zcð3900Þ0 cross sections using

a coherent sum of a relativistic BW function and σNYð
ffiffiffi
s

p
Þ,

as in Eq. (2), but with a thresholdMthd ¼ Mπ0 þMZcð3900Þ0

for the nonresonant component and a PHSP factor for the
two-body decay R → π0Zcð3900Þ0, which both use the
measured mass of Zcð3900Þ0 from this analysis. Two
solutions with equal quality are found, as shown in
Table VI. The fit curve of one solution is shown in
Fig. 3, with a goodness of fit of χ2=ndf ¼ 8.5=5. The
mass ð4231.9%5.3ÞMeV=c2 and width ð41.2%16.0ÞMeV
of the resonant structure are consistent with those of the
Yð4220Þ presented previously. We also tested the scenarios
including the Yð4320Þ with fixed resonant parameters
and/or phase, but none of those improve the fit quality.
Due to the lack of data around 4.3 GeV, we cannot rule out
a contribution from the Yð4320Þ.

D. Systematic uncertainties

The systematic uncertainties for the Zcð3900Þ0 resonant
parameters and the corresponding cross sections include
those associated with the amplitude modeling and back-
ground treatment in the PWA, as well as the detection
efficiency difference between data and the MC simulation.
The uncertainties associated with the amplitude model-

ing in PWA arise from the parametrizations of the inter-
mediate states (σ, f0ð980Þ, f0ð1370Þ and Zcð3900Þ0), the
radius of angular momentum barrier factor, and possible
missing components. The uncertainties associated with
the parameterizations of intermediate states are studied
individually by describing σ with the PKU ansatz [34] or
the Zou-Bugg approach [34], varying f0ð980Þ couplings
by 1σ of uncertainties [33], describing f0ð1370Þ with a
mass-dependent width BW function, and parametrizing
Zcð3900Þ0 with a Flatté-like formula as described for
eþe− → πþπ−J=ψ [14]. The uncertainty related to the
barrier radius r is estimated by varying r in the range
1.0–5.0 GeV−1. The uncertainty due to extra components is
studied by including the process eþe− → f2ð1270ÞJ=ψ ,
which is the most significant (3.2σ) amplitude not included
in the nominal fit. The uncertainty related to the back-
ground treatment is studied by varying theMlþl−-sideband
region. We perform alternative PWAs for the above
scenarios individually and the resultant (largest) changes
with respect to the nominal values are regarded as the
uncertainties.
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FIG. 3. Fit to the measured eþe− → π0Zcð3900Þ0 → π0π0J=ψ
cross sections. Points with error bars are data, the red solid curve
is the total fit result, the red-dashed (blue-dotted) curve is the
resonant (nonresonant) component, and the magenta dash-dotted
line represents the interference of the two components.

TABLE V. Summary of the Born cross sections of eþe− →
π0Z0

c → π0π0J=ψ . The first uncertainties are statistical and the
second systematic.

ffiffiffi
s

p
ðGeVÞ σeþe−→π0Z0

c
ðpbÞ

4.178 1.24% 0.29% 0.87
4.189 1.62% 0.57% 1.13
4.200 4.65% 1.06% 3.26
4.210 2.75% 0.94% 1.93
4.219 6.66% 1.50% 4.68
4.226 6.14% 1.09% 4.31
4.236 7.87% 1.80% 2.59
4.244 5.03% 1.21% 1.38
4.258 2.34% 0.82% 0.74
4.267 1.82% 0.75% 1.28
4.278 4.78% 2.78% 3.36

TABLE VI. Summary of the fit results to the measured cross
sections of eþe− → π0Zcð3900Þ0 → π0π0J=ψ . The uncertainties
are statistical only.

Parameters Solution I Solution II

p0ðc2=MeVÞ 0.0% 11.3
p1 ð1.8% 1.9Þ × 10−2

MðRÞ ðMeV=c2Þ 4231.9% 5.3
ΓtotðRÞÞ ðMeVÞ 41.2% 16.0
ΓeeBR→π0Zcð3900Þ0 ðeVÞ 0.53% 0.15 0.22% 0.25
ϕðRÞ ð−103.9% 33.9Þ° ð112.7% 43.0Þ°

M. ABLIKIM et al. PHYS. REV. D 102, 012009 (2020)
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Cross Section of e+e− → π0Zc(3900)0

BESIII has established .

There is an ongoing effort to understand 
this process in the region above the .

e+e− → Y → πZc
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resolution compared to RMðKþD−
s Þ [10]. A clear peak is

seen in this distribution at the nominal D$0 mass, which
corresponds to the final state KþD−

s D$0. There is also a
contribution from KþD$−

s D0, which appears as a broader
structure beneath the KþD−

s D$0 signal. Therefore, we
require RMðKþD−

s Þ þMðD−
s Þ −mðD−

s Þ to be in the
interval ð1.990; 2.027Þ GeV=c2 to isolate the signal
candidates of both signal processes.
To estimate the shape of combinatorial background, we

use wrong-sign (WS) combinations of D−
s and K− candi-

dates, rather than the right-sign D−
s and Kþ candidates. The

WS K−D−
s recoil-mass distribution, scaled by a factor of

1.18, agrees with the data distribution in the sideband
regions, ð1.91; 1.95Þ GeV=c2 and ð2.08; 2.11Þ GeV=c2, as
shown in Fig. 2. The number of background events within
the signal region is estimated to be 282.6% 12.0 by a fit to
the sideband data with a linear function, whose slope is
determined from the WS data. In addition, the WS events
are used to represent the combinatorial-background distri-
bution of the recoil mass of the bachelor Kþ. This technique
has been used previously in the observation of the
Zcð4025Þþ at BESIII [10]. We validate the use of the WS
data-driven background modeling of both the RMðKþD−

s Þ
and RMðKþÞ spectra by comparing the corresponding
distributions between WS combinations and background-
only contributions. Furthermore, the RMðKþÞ distribution
of the events in the sideband regions in Fig. 2 agrees well
with that of the corresponding WS data.
Figure 3(a) shows the RMðKþÞ distribution for events atffiffiffi
s

p
¼ 4.681 GeV; an enhancement is evident in the region

RMðKþÞ < 4 GeV=c2 compared to the expectation from the
WS events. This is clearly illustrated in the RMðKþÞ distri-
bution in data with subtraction of the WS component in
Fig. 4. The enhancement cannot be attributed to the NR
signal processes eþe− → KþðD−

s D$0 þD$−
s D0Þ. To under-

stand potential contributions from the processes eþe− →
Dð$Þ−

s D$$þ
s ð→ Dð$Þ0KþÞ or Dð$Þ0D̄$$0ð→ Dð$Þ−

s KþÞ, we
examine all known D$$

ðsÞ excited states [29,32] using MC
simulation samples. Dedicated exclusive MC studies show
that none of these processes, including possible interference
effects, exhibit a narrow structure below 4.0 GeV=c2 [28].
The following three processes that contain excited

D$$þ
s background have potential contributions to the

RMðKþÞ spectrum: (1) D−
s D$

s1ð2536Þþð→ D$0KþÞ,
(2) D$−

s D$
s2ð2573Þþð→ D0KþÞ, and (3) D−

s D$
s1ð2700Þþ

ð→ D$0KþÞ. We estimate their production cross sections
by studying several control samples. The yields for channel
(1) are estimated by analyzing the D$

s1ð2536Þþ peak in the
D$0Kþ mass spectra using two separate partially recon-
structed samples: KþD−

s (with D$0 missing) and KþD$0

(with D−
s missing). For channel (2), control samples are

selected by reconstructing D0Kþγ (with missing D−
s ) or

KþD$−
s (with missing D0). The D$

s2ð2573Þþ yield is
obtained from combined fits to the D0Kþ mass spectra.
From this, the contribution from channel (2) to the signal

candidates in Fig. 3 is evaluated. For channel (3), a control
sample of eþe− → D−

s D$
s1ð2700Þþð→ D0KþÞ is selected

by detecting the D−
s Kþ recoiling against a missing D0.

We then use the BF ratio of B(D$
s1ð2700Þþ → D$0Kþ)=

B(D$
s1ð2700Þþ → D0Kþ) ¼ 0.91% 0.18 [33] to estimate

the strength of this background contribution. The shapes in
RMðKþÞ of these three channels are extracted from MC
samples, whereas the normalization is derived from the
control samples. The estimated background contributions
of the channels (1), (2), and (3) in the RMðKþÞ spectrum atffiffiffi
s

p
¼ 4.681 GeV are 54.4% 8.0, 19.1% 7.6, and 15.0%

13.3 events, respectively. For the other energy points, the
estimated yields of the three channels are given in Ref. [28].
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FIG. 3. Simultaneous unbinned maximum likelihood fit to
the Kþ recoil-mass spectra in data at

ffiffiffi
s

p
¼ 4.628, 4.641,

4.661, 4.681, and 4.698 GeV. Note that the size of the
D$0D̄$

1ð2600Þ0ð→ D−
s KþÞ component is consistent with zero.
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4.681 GeV after subtraction of the combinatorial backgrounds.
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Sources of systematic uncertainties on the measurement of
the Zcsð3985Þ− resonance parameters and the cross section
are studied, as explained in Ref. [28]. The main sources
include the mass scaling, detector resolution, the signal
model, background models, and the input cross section line
shape for σB½eþe− → KþZcsð3985Þ−%. The contributions to
the systematic uncertainties on the resonance parameters and
cross sections are given in Table II and Ref. [28], respec-
tively. In addition, the global signal significances after taking
into account the look-elsewhere effect under different
systematic effects are listed in Table II.
In summary, we study the reactions eþe− →

KþðD−
s D&0 þD&−

s D0Þ based on 3.7 fb−1 of data collected
at

ffiffiffi
s

p
¼ 4.628, 4.641, 4.661, 4.681, and 4.698 GeV, and

observe an enhancement near the D−
s D&0 and D&−

s D0 mass
thresholds in the Kþ recoil-mass spectrum for events
collected at

ffiffiffi
s

p
¼ 4.681 GeV. While the known charmed

mesons cannot explain the excess, it matches a hypothesis
of a D−

s D&0 and D&−
s D0 resonant structure Zcsð3985Þ− with

a mass-dependent-width Breit-Wigner line shape well; a fit
gives the resonance mass of ð3985.2þ2.1

−2.0 ( 1.7Þ MeV=c2

and width of ð13.8þ8.1
−5.2 ( 4.9Þ MeV. This corresponds to a

pole position mpole − iðΓpole=2Þ of

mpole½Zcsð3985Þ−% ¼ ð3982.5þ1.8
−2.6 ( 2.1Þ MeV=c2;

Γpole½Zcsð3985Þ−% ¼ ð12.8þ5.3
−4.4 ( 3.0Þ MeV:

The first uncertainties are statistical and the second are
systematic. The significance of this resonance hypothesis
is estimated to be 5.3σ over the pure contributions from the
conventional charmed mesons. The Zcsð3985Þ− candidate
reported here would couple to at least one of D−

s D&0 and
D&−

s D0, and has unit charge, the quark composition is most
likely cc̄sū. Hence, it would become the first Zcs tetraquark
candidate observed. The measured mass is close to the mass
threshold of DsD̄& and D&

sD̄, which is consistent with the
theoretical calculations in Ref. [18,20–22]. In addition, the

Born cross sections σB½eþe− → KþZcsð3985Þ− þ c:c:%
times the sum of the branching fractions for Zcsð3985Þ− →
D−

s D&0 þD&−
s D0 decays are measured at the five energy

points. Because of the limited size of the statistics, only a one-
dimensional fit is implemented and the potential interference
effects are neglected. As shown in Figs. 5 and 6 of Ref. [28],
we find no evidence for enhancements due to interference
below 4 GeV=c2. Even so, the properties of the observed
excess might not be fully explored and there exist other
possibilities of explaining the near-threshold enhancement.
To further improve studies of the excess, more statistics are
necessary in order to carry out an amplitude analysis.
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TABLE II. Summary of systematic uncertainties on the
Zcsð3985Þ− resonance parameters. The total systematic uncer-
tainty corresponds to a quadrature sum of all individual items.
The global signal significance after taking into account the
systematic item marked with & is listed.

Source Mass(MeV=c2) Width (MeV) Significance

Mass scale 0.5
Resolution& 0.2 1.0 5.7 σ
f factor& 0.2 1.0 5.6 σ
Signal model& 1.0 2.6 5.7 σ
Backgrounds& 0.5 0.5 5.6 σ
Efficiencies 0.1 0.2
D&&

ðsÞ states
& 1.0 3.4 5.4 σ

σB½KþZcsð3985Þ−% 0.6 1.7
Total 1.7 4.9

PHYSICAL REVIEW LETTERS 126, 102001 (2021)
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e+e− → K+(D−
s D*0 + D*−

s D0)
PRL 126, 102001 (2021)
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resolution compared to RMðKþD−
s Þ [10]. A clear peak is

seen in this distribution at the nominal D$0 mass, which
corresponds to the final state KþD−

s D$0. There is also a
contribution from KþD$−

s D0, which appears as a broader
structure beneath the KþD−

s D$0 signal. Therefore, we
require RMðKþD−

s Þ þMðD−
s Þ −mðD−

s Þ to be in the
interval ð1.990; 2.027Þ GeV=c2 to isolate the signal
candidates of both signal processes.
To estimate the shape of combinatorial background, we

use wrong-sign (WS) combinations of D−
s and K− candi-

dates, rather than the right-sign D−
s and Kþ candidates. The

WS K−D−
s recoil-mass distribution, scaled by a factor of

1.18, agrees with the data distribution in the sideband
regions, ð1.91; 1.95Þ GeV=c2 and ð2.08; 2.11Þ GeV=c2, as
shown in Fig. 2. The number of background events within
the signal region is estimated to be 282.6% 12.0 by a fit to
the sideband data with a linear function, whose slope is
determined from the WS data. In addition, the WS events
are used to represent the combinatorial-background distri-
bution of the recoil mass of the bachelor Kþ. This technique
has been used previously in the observation of the
Zcð4025Þþ at BESIII [10]. We validate the use of the WS
data-driven background modeling of both the RMðKþD−

s Þ
and RMðKþÞ spectra by comparing the corresponding
distributions between WS combinations and background-
only contributions. Furthermore, the RMðKþÞ distribution
of the events in the sideband regions in Fig. 2 agrees well
with that of the corresponding WS data.
Figure 3(a) shows the RMðKþÞ distribution for events atffiffiffi
s

p
¼ 4.681 GeV; an enhancement is evident in the region

RMðKþÞ < 4 GeV=c2 compared to the expectation from the
WS events. This is clearly illustrated in the RMðKþÞ distri-
bution in data with subtraction of the WS component in
Fig. 4. The enhancement cannot be attributed to the NR
signal processes eþe− → KþðD−

s D$0 þD$−
s D0Þ. To under-

stand potential contributions from the processes eþe− →
Dð$Þ−

s D$$þ
s ð→ Dð$Þ0KþÞ or Dð$Þ0D̄$$0ð→ Dð$Þ−

s KþÞ, we
examine all known D$$

ðsÞ excited states [29,32] using MC
simulation samples. Dedicated exclusive MC studies show
that none of these processes, including possible interference
effects, exhibit a narrow structure below 4.0 GeV=c2 [28].
The following three processes that contain excited

D$$þ
s background have potential contributions to the

RMðKþÞ spectrum: (1) D−
s D$

s1ð2536Þþð→ D$0KþÞ,
(2) D$−

s D$
s2ð2573Þþð→ D0KþÞ, and (3) D−

s D$
s1ð2700Þþ

ð→ D$0KþÞ. We estimate their production cross sections
by studying several control samples. The yields for channel
(1) are estimated by analyzing the D$

s1ð2536Þþ peak in the
D$0Kþ mass spectra using two separate partially recon-
structed samples: KþD−

s (with D$0 missing) and KþD$0

(with D−
s missing). For channel (2), control samples are

selected by reconstructing D0Kþγ (with missing D−
s ) or

KþD$−
s (with missing D0). The D$

s2ð2573Þþ yield is
obtained from combined fits to the D0Kþ mass spectra.
From this, the contribution from channel (2) to the signal

candidates in Fig. 3 is evaluated. For channel (3), a control
sample of eþe− → D−

s D$
s1ð2700Þþð→ D0KþÞ is selected

by detecting the D−
s Kþ recoiling against a missing D0.

We then use the BF ratio of B(D$
s1ð2700Þþ → D$0Kþ)=

B(D$
s1ð2700Þþ → D0Kþ) ¼ 0.91% 0.18 [33] to estimate

the strength of this background contribution. The shapes in
RMðKþÞ of these three channels are extracted from MC
samples, whereas the normalization is derived from the
control samples. The estimated background contributions
of the channels (1), (2), and (3) in the RMðKþÞ spectrum atffiffiffi
s

p
¼ 4.681 GeV are 54.4% 8.0, 19.1% 7.6, and 15.0%

13.3 events, respectively. For the other energy points, the
estimated yields of the three channels are given in Ref. [28].
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FIG. 3. Simultaneous unbinned maximum likelihood fit to
the Kþ recoil-mass spectra in data at

ffiffiffi
s

p
¼ 4.628, 4.641,

4.661, 4.681, and 4.698 GeV. Note that the size of the
D$0D̄$

1ð2600Þ0ð→ D−
s KþÞ component is consistent with zero.
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FIG. 4. The Kþ recoil-mass spectrum in data at
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4.681 GeV after subtraction of the combinatorial backgrounds.
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Sources of systematic uncertainties on the measurement of
the Zcsð3985Þ− resonance parameters and the cross section
are studied, as explained in Ref. [28]. The main sources
include the mass scaling, detector resolution, the signal
model, background models, and the input cross section line
shape for σB½eþe− → KþZcsð3985Þ−%. The contributions to
the systematic uncertainties on the resonance parameters and
cross sections are given in Table II and Ref. [28], respec-
tively. In addition, the global signal significances after taking
into account the look-elsewhere effect under different
systematic effects are listed in Table II.
In summary, we study the reactions eþe− →

KþðD−
s D&0 þD&−

s D0Þ based on 3.7 fb−1 of data collected
at

ffiffiffi
s

p
¼ 4.628, 4.641, 4.661, 4.681, and 4.698 GeV, and

observe an enhancement near the D−
s D&0 and D&−

s D0 mass
thresholds in the Kþ recoil-mass spectrum for events
collected at

ffiffiffi
s

p
¼ 4.681 GeV. While the known charmed

mesons cannot explain the excess, it matches a hypothesis
of a D−

s D&0 and D&−
s D0 resonant structure Zcsð3985Þ− with

a mass-dependent-width Breit-Wigner line shape well; a fit
gives the resonance mass of ð3985.2þ2.1

−2.0 ( 1.7Þ MeV=c2

and width of ð13.8þ8.1
−5.2 ( 4.9Þ MeV. This corresponds to a

pole position mpole − iðΓpole=2Þ of

mpole½Zcsð3985Þ−% ¼ ð3982.5þ1.8
−2.6 ( 2.1Þ MeV=c2;

Γpole½Zcsð3985Þ−% ¼ ð12.8þ5.3
−4.4 ( 3.0Þ MeV:

The first uncertainties are statistical and the second are
systematic. The significance of this resonance hypothesis
is estimated to be 5.3σ over the pure contributions from the
conventional charmed mesons. The Zcsð3985Þ− candidate
reported here would couple to at least one of D−

s D&0 and
D&−

s D0, and has unit charge, the quark composition is most
likely cc̄sū. Hence, it would become the first Zcs tetraquark
candidate observed. The measured mass is close to the mass
threshold of DsD̄& and D&

sD̄, which is consistent with the
theoretical calculations in Ref. [18,20–22]. In addition, the

Born cross sections σB½eþe− → KþZcsð3985Þ− þ c:c:%
times the sum of the branching fractions for Zcsð3985Þ− →
D−

s D&0 þD&−
s D0 decays are measured at the five energy

points. Because of the limited size of the statistics, only a one-
dimensional fit is implemented and the potential interference
effects are neglected. As shown in Figs. 5 and 6 of Ref. [28],
we find no evidence for enhancements due to interference
below 4 GeV=c2. Even so, the properties of the observed
excess might not be fully explored and there exist other
possibilities of explaining the near-threshold enhancement.
To further improve studies of the excess, more statistics are
necessary in order to carry out an amplitude analysis.
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TABLE II. Summary of systematic uncertainties on the
Zcsð3985Þ− resonance parameters. The total systematic uncer-
tainty corresponds to a quadrature sum of all individual items.
The global signal significance after taking into account the
systematic item marked with & is listed.

Source Mass(MeV=c2) Width (MeV) Significance

Mass scale 0.5
Resolution& 0.2 1.0 5.7 σ
f factor& 0.2 1.0 5.6 σ
Signal model& 1.0 2.6 5.7 σ
Backgrounds& 0.5 0.5 5.6 σ
Efficiencies 0.1 0.2
D&&

ðsÞ states
& 1.0 3.4 5.4 σ

σB½KþZcsð3985Þ−% 0.6 1.7
Total 1.7 4.9
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results are summarized in Table I, including mass, width, fit
fraction (FF), and significance of each component. The
masses and widths of the four X states studied using the
LHCb run 1 sample only are consistent with the previous

measurements [12,13]. The significance of each component
is evaluated by assuming that the change of twice the log-
likelihood between the default fit and the fit without this
component follows a χ2 distribution. The corresponding
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FIG. 3. Distributions of ϕKþ (left), J=ψϕ (middle), and J=ψKþ (right) invariant masses for the Bþ → J=ψϕKþ candidates (black data
points) compared with the fit results (red solid lines) of the default model (top row) and the run 1 model (bottom row).

TABLE I. Fit results from the default amplitude model. The significances are evaluated accounting for total (statistical) uncertainties.
The listed masses and widths without uncertainties are taken from PDG [14] and are fixed in the fit. The listed world averages of the two
K2 and K"ð1680Þ resonances do not contain the contributions from the previous LHCb run 1 results.

JP Contribution Significance (σ) M0 (MeV) Γ0 (MeV) FF (%)

1þ 21P1 Kð1þÞ 4.5 (4.5) 1861% 10þ16
−46 149% 41þ231

−23

23P1 K0ð1þÞ 4.5 (4.5) 1911% 37þ124
−48 276% 50þ319

−159
13P1 K1ð1400Þ 9.2 (11) 1403 174 15% 3þ3

−11
2− 11D2 K2ð1770Þ 7.9 (8.0) 1773 186

13D2 K2ð1820Þ 5.8 (5.8) 1816 276
1− 13D1 K"ð1680Þ 4.7 (13) 1717 322 14% 2þ35

−8

23S1 K"ð1410Þ 7.7 (15) 1414 232 38% 5þ11
−17

2− 23P2 K"
2ð1980Þ 1.6 (7.4) 1988% 22þ194

−31 318% 82þ481
−101 2.3% 0.5% 0.7

0− 21S0 Kð1460Þ 12 (13) 1483 336 10.2% 1.2þ1.0
−3.8

2− Xð4150Þ 4.8 (8.7) 4146% 18% 33 135% 28þ59
−30 2.0% 0.5þ0.8

−1.0

1− Xð4630Þ 5.5 (5.7) 4626% 16þ18
−110 174% 27þ134

−73 2.6% 0.5þ2.9
−1.5

0þ Xð4500Þ 20 (20) 4474% 3% 3 77% 6þ10
−8 5.6% 0.7þ2.4

−0.6

Xð4700Þ 17 (18) 4694% 4þ16
−3 87% 8þ16

−6 8.9% 1.2þ4.9
−1.4

NRJ=ψϕ 4.8 (5.7) 28% 8þ19
−11

1þ Xð4140Þ 13 (16) 4118% 11þ19
−36 162% 21þ24

−49 17% 3þ19
−6

Xð4274Þ 18 (18) 4294% 4þ3
−6 53% 5% 5 2.8% 0.5þ0.8

−0.4

Xð4685Þ 15 (15) 4684% 7þ13
−16 126% 15þ37

−41 7.2% 1.0þ4.0
−2.0

1þ Zcsð4000Þ 15 (16) 4003% 6þ4
−14 131% 15% 26 9.4% 2.1% 3.4

Zcsð4220Þ 5.9 (8.4) 4216% 24þ43
−30 233% 52þ97

−73 10% 4þ10
−7
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In 2020, we shifted our attention to higher energies, scanning the region between 4.6 and 4.7 GeV. 

resolution compared to RMðKþD−
s Þ [10]. A clear peak is

seen in this distribution at the nominal D$0 mass, which
corresponds to the final state KþD−

s D$0. There is also a
contribution from KþD$−

s D0, which appears as a broader
structure beneath the KþD−

s D$0 signal. Therefore, we
require RMðKþD−

s Þ þMðD−
s Þ −mðD−

s Þ to be in the
interval ð1.990; 2.027Þ GeV=c2 to isolate the signal
candidates of both signal processes.
To estimate the shape of combinatorial background, we

use wrong-sign (WS) combinations of D−
s and K− candi-

dates, rather than the right-sign D−
s and Kþ candidates. The

WS K−D−
s recoil-mass distribution, scaled by a factor of

1.18, agrees with the data distribution in the sideband
regions, ð1.91; 1.95Þ GeV=c2 and ð2.08; 2.11Þ GeV=c2, as
shown in Fig. 2. The number of background events within
the signal region is estimated to be 282.6% 12.0 by a fit to
the sideband data with a linear function, whose slope is
determined from the WS data. In addition, the WS events
are used to represent the combinatorial-background distri-
bution of the recoil mass of the bachelor Kþ. This technique
has been used previously in the observation of the
Zcð4025Þþ at BESIII [10]. We validate the use of the WS
data-driven background modeling of both the RMðKþD−

s Þ
and RMðKþÞ spectra by comparing the corresponding
distributions between WS combinations and background-
only contributions. Furthermore, the RMðKþÞ distribution
of the events in the sideband regions in Fig. 2 agrees well
with that of the corresponding WS data.
Figure 3(a) shows the RMðKþÞ distribution for events atffiffiffi
s

p
¼ 4.681 GeV; an enhancement is evident in the region

RMðKþÞ < 4 GeV=c2 compared to the expectation from the
WS events. This is clearly illustrated in the RMðKþÞ distri-
bution in data with subtraction of the WS component in
Fig. 4. The enhancement cannot be attributed to the NR
signal processes eþe− → KþðD−

s D$0 þD$−
s D0Þ. To under-

stand potential contributions from the processes eþe− →
Dð$Þ−

s D$$þ
s ð→ Dð$Þ0KþÞ or Dð$Þ0D̄$$0ð→ Dð$Þ−

s KþÞ, we
examine all known D$$

ðsÞ excited states [29,32] using MC
simulation samples. Dedicated exclusive MC studies show
that none of these processes, including possible interference
effects, exhibit a narrow structure below 4.0 GeV=c2 [28].
The following three processes that contain excited

D$$þ
s background have potential contributions to the

RMðKþÞ spectrum: (1) D−
s D$

s1ð2536Þþð→ D$0KþÞ,
(2) D$−

s D$
s2ð2573Þþð→ D0KþÞ, and (3) D−

s D$
s1ð2700Þþ

ð→ D$0KþÞ. We estimate their production cross sections
by studying several control samples. The yields for channel
(1) are estimated by analyzing the D$

s1ð2536Þþ peak in the
D$0Kþ mass spectra using two separate partially recon-
structed samples: KþD−

s (with D$0 missing) and KþD$0

(with D−
s missing). For channel (2), control samples are

selected by reconstructing D0Kþγ (with missing D−
s ) or

KþD$−
s (with missing D0). The D$

s2ð2573Þþ yield is
obtained from combined fits to the D0Kþ mass spectra.
From this, the contribution from channel (2) to the signal

candidates in Fig. 3 is evaluated. For channel (3), a control
sample of eþe− → D−

s D$
s1ð2700Þþð→ D0KþÞ is selected

by detecting the D−
s Kþ recoiling against a missing D0.

We then use the BF ratio of B(D$
s1ð2700Þþ → D$0Kþ)=

B(D$
s1ð2700Þþ → D0Kþ) ¼ 0.91% 0.18 [33] to estimate

the strength of this background contribution. The shapes in
RMðKþÞ of these three channels are extracted from MC
samples, whereas the normalization is derived from the
control samples. The estimated background contributions
of the channels (1), (2), and (3) in the RMðKþÞ spectrum atffiffiffi
s

p
¼ 4.681 GeV are 54.4% 8.0, 19.1% 7.6, and 15.0%

13.3 events, respectively. For the other energy points, the
estimated yields of the three channels are given in Ref. [28].
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FIG. 3. Simultaneous unbinned maximum likelihood fit to
the Kþ recoil-mass spectra in data at

ffiffiffi
s

p
¼ 4.628, 4.641,

4.661, 4.681, and 4.698 GeV. Note that the size of the
D$0D̄$

1ð2600Þ0ð→ D−
s KþÞ component is consistent with zero.
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Sources of systematic uncertainties on the measurement of
the Zcsð3985Þ− resonance parameters and the cross section
are studied, as explained in Ref. [28]. The main sources
include the mass scaling, detector resolution, the signal
model, background models, and the input cross section line
shape for σB½eþe− → KþZcsð3985Þ−%. The contributions to
the systematic uncertainties on the resonance parameters and
cross sections are given in Table II and Ref. [28], respec-
tively. In addition, the global signal significances after taking
into account the look-elsewhere effect under different
systematic effects are listed in Table II.
In summary, we study the reactions eþe− →

KþðD−
s D&0 þD&−

s D0Þ based on 3.7 fb−1 of data collected
at

ffiffiffi
s

p
¼ 4.628, 4.641, 4.661, 4.681, and 4.698 GeV, and

observe an enhancement near the D−
s D&0 and D&−

s D0 mass
thresholds in the Kþ recoil-mass spectrum for events
collected at

ffiffiffi
s

p
¼ 4.681 GeV. While the known charmed

mesons cannot explain the excess, it matches a hypothesis
of a D−

s D&0 and D&−
s D0 resonant structure Zcsð3985Þ− with

a mass-dependent-width Breit-Wigner line shape well; a fit
gives the resonance mass of ð3985.2þ2.1

−2.0 ( 1.7Þ MeV=c2

and width of ð13.8þ8.1
−5.2 ( 4.9Þ MeV. This corresponds to a

pole position mpole − iðΓpole=2Þ of

mpole½Zcsð3985Þ−% ¼ ð3982.5þ1.8
−2.6 ( 2.1Þ MeV=c2;

Γpole½Zcsð3985Þ−% ¼ ð12.8þ5.3
−4.4 ( 3.0Þ MeV:

The first uncertainties are statistical and the second are
systematic. The significance of this resonance hypothesis
is estimated to be 5.3σ over the pure contributions from the
conventional charmed mesons. The Zcsð3985Þ− candidate
reported here would couple to at least one of D−

s D&0 and
D&−

s D0, and has unit charge, the quark composition is most
likely cc̄sū. Hence, it would become the first Zcs tetraquark
candidate observed. The measured mass is close to the mass
threshold of DsD̄& and D&

sD̄, which is consistent with the
theoretical calculations in Ref. [18,20–22]. In addition, the

Born cross sections σB½eþe− → KþZcsð3985Þ− þ c:c:%
times the sum of the branching fractions for Zcsð3985Þ− →
D−

s D&0 þD&−
s D0 decays are measured at the five energy

points. Because of the limited size of the statistics, only a one-
dimensional fit is implemented and the potential interference
effects are neglected. As shown in Figs. 5 and 6 of Ref. [28],
we find no evidence for enhancements due to interference
below 4 GeV=c2. Even so, the properties of the observed
excess might not be fully explored and there exist other
possibilities of explaining the near-threshold enhancement.
To further improve studies of the excess, more statistics are
necessary in order to carry out an amplitude analysis.
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TABLE II. Summary of systematic uncertainties on the
Zcsð3985Þ− resonance parameters. The total systematic uncer-
tainty corresponds to a quadrature sum of all individual items.
The global signal significance after taking into account the
systematic item marked with & is listed.

Source Mass(MeV=c2) Width (MeV) Significance

Mass scale 0.5
Resolution& 0.2 1.0 5.7 σ
f factor& 0.2 1.0 5.6 σ
Signal model& 1.0 2.6 5.7 σ
Backgrounds& 0.5 0.5 5.6 σ
Efficiencies 0.1 0.2
D&&

ðsÞ states
& 1.0 3.4 5.4 σ

σB½KþZcsð3985Þ−% 0.6 1.7
Total 1.7 4.9
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results are summarized in Table I, including mass, width, fit
fraction (FF), and significance of each component. The
masses and widths of the four X states studied using the
LHCb run 1 sample only are consistent with the previous

measurements [12,13]. The significance of each component
is evaluated by assuming that the change of twice the log-
likelihood between the default fit and the fit without this
component follows a χ2 distribution. The corresponding
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FIG. 3. Distributions of ϕKþ (left), J=ψϕ (middle), and J=ψKþ (right) invariant masses for the Bþ → J=ψϕKþ candidates (black data
points) compared with the fit results (red solid lines) of the default model (top row) and the run 1 model (bottom row).

TABLE I. Fit results from the default amplitude model. The significances are evaluated accounting for total (statistical) uncertainties.
The listed masses and widths without uncertainties are taken from PDG [14] and are fixed in the fit. The listed world averages of the two
K2 and K"ð1680Þ resonances do not contain the contributions from the previous LHCb run 1 results.

JP Contribution Significance (σ) M0 (MeV) Γ0 (MeV) FF (%)

1þ 21P1 Kð1þÞ 4.5 (4.5) 1861% 10þ16
−46 149% 41þ231

−23

23P1 K0ð1þÞ 4.5 (4.5) 1911% 37þ124
−48 276% 50þ319

−159
13P1 K1ð1400Þ 9.2 (11) 1403 174 15% 3þ3

−11
2− 11D2 K2ð1770Þ 7.9 (8.0) 1773 186

13D2 K2ð1820Þ 5.8 (5.8) 1816 276
1− 13D1 K"ð1680Þ 4.7 (13) 1717 322 14% 2þ35

−8

23S1 K"ð1410Þ 7.7 (15) 1414 232 38% 5þ11
−17

2− 23P2 K"
2ð1980Þ 1.6 (7.4) 1988% 22þ194

−31 318% 82þ481
−101 2.3% 0.5% 0.7

0− 21S0 Kð1460Þ 12 (13) 1483 336 10.2% 1.2þ1.0
−3.8

2− Xð4150Þ 4.8 (8.7) 4146% 18% 33 135% 28þ59
−30 2.0% 0.5þ0.8

−1.0

1− Xð4630Þ 5.5 (5.7) 4626% 16þ18
−110 174% 27þ134

−73 2.6% 0.5þ2.9
−1.5

0þ Xð4500Þ 20 (20) 4474% 3% 3 77% 6þ10
−8 5.6% 0.7þ2.4

−0.6

Xð4700Þ 17 (18) 4694% 4þ16
−3 87% 8þ16

−6 8.9% 1.2þ4.9
−1.4

NRJ=ψϕ 4.8 (5.7) 28% 8þ19
−11

1þ Xð4140Þ 13 (16) 4118% 11þ19
−36 162% 21þ24

−49 17% 3þ19
−6

Xð4274Þ 18 (18) 4294% 4þ3
−6 53% 5% 5 2.8% 0.5þ0.8

−0.4

Xð4685Þ 15 (15) 4684% 7þ13
−16 126% 15þ37

−41 7.2% 1.0þ4.0
−2.0

1þ Zcsð4000Þ 15 (16) 4003% 6þ4
−14 131% 15% 26 9.4% 2.1% 3.4

Zcsð4220Þ 5.9 (8.4) 4216% 24þ43
−30 233% 52þ97

−73 10% 4þ10
−7
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Zcs(4000)

M(Zcs(4000)) = 4003 ± 6+4
−14 MeV/c2

Γ(Zcs(4000)) = 131 ± 15 ± 26 MeV

A new family of  states have been found in 
 (BESIII) and in 

 (LHCb).

Like the situation with the  states, the picture 
is apparently different in  and in  decays.

Zcs
e+e− → Y → K−Z+

cs
B+ → ϕZ+

cs → ϕ(K+J/ψ)

Zc
e+e− B
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Upgrade BEPCII
(BEPCII-U)

Xiao-Rui LYU 29

Proposal of the upgrade BEPCII

RF7: 2021 Update on Hadron Spectroscopy

ü An upgrade of BEPCII (BEPCII-U) has been approved in July 2021:
the optimized energy is 2.35 GeV with luminosity 3 times higher than current 
BEPCII and extend the maximum energy to 5.6 GeV
Ø Add another cavity per beam to improve the RF power
Ø Change optics slightly, increase number of bunches
Ø Challenges: high beam intensities, backgrounds and aging effect in 

the detector
Ø Small risk: can continue running with better performance than BEPCII

Ø Timescale: 2.5 years construction + 0.5 year installation
Ø Installation:  July – December 2024 and the upgraded machine ready 

in Jan. 2025
Accelerator upgrade (BEPCII  BEPCII-U):

* increase the luminosity by 3  at  
    high energies; and
* extend the energy reach ( ) to  
    5.6 GeV.

Method:
* add one additional RF cavity  
     per beam; and
* optimize optics in the interaction  
      region.

Timeline:
* the project was approved in July 2021; 
* it requires 2.5 years of construction  
    (with no shutdown);
* installation will start in July 2024; and
* running begins January 2025.

→
×

Ecm

Physics Goals:

(1) Explore an unknown energy region.

(2) Access charm baryons at threshold.

2 × M(Λ+
c ) = 4572.9 MeV

2 × M(Σ++,+,0
c ) = 4905.8 − 4907.9 MeV

2 × M(Ξ+,0
c ) = 4935.4 − 4940.9 MeV

2 × M(Ω0
c) = 5390.4 MeV



Summary
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BESIII continues to use  collisions to explore the -charm region in detail.

* 10 billion  decays allow unprecedented access to light quark hadrons 
         (and increases the urgency for methods to rigorously extract resonance parameters).

* 3 billion  decays allow new precision studies of charmonium and offer complementary  
         initial states ( ,  , , ) from which to study light quark hadrons.

* XYZ physics remains a key component of the BESIII physics program:
(1) we continue to map out complex structure in exclusive  cross sections (“Y” states);
(2) with  near 4.23 GeV, we produce the  through ;
(3) also near 4.23 GeV, we see the  and  through ; and
(4) at higher , above 4.6 GeV, we see the  in .

* BEPCII will soon be upgraded to BEPCII-U, opening a path to unexplored territory.

e+e− τ

J/ψ

ψ(2S)
ηc(1S,2S) χcJ(1P) hc(1P) ψ(2S)

e+e−

Ecm X(3872) e+e− → γX(3872)
Zc(3900) Zc(4020) e+e− → πZc

Ecm Zcs(3985) e+e− → KZcs


