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Overview of XYZ Physics at BESIII
Goal:  

Investigate the “XYZ” states that do not fit into
the conventional quark model of charmonium.

Data Sets:  
2011:   482 pb−1 at 4.01 GeV
2013:    1092 pb−1 at 4.23 GeV

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

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

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

 2017(?):  10 × 500 pb−1 between 4.19 and 4.30 GeV

This Proposal:
10 × 500 pb−1 between 4.31 and 4.41 GeV

A Few Physics Highlights:  
discovery of e+e− → γX(3872)
discovery of complicated Y-like structure 
discovery of the Zc(3900) and Zc(4020)
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Overview of XYZ Physics at BESIII

This Proposal:
10 × 500 pb−1 between 4.31 and 4.41 GeV

A Few Physics Highlights:  
discovery of e+e− → γX(3872)
discovery of complicated Y-like structure 
discovery of the Zc(3900) and Zc(4020)

Discovery of the e+e− → γX(3872)
PRL 112, 092001 (2014)

The ISR ψð3686Þ signal is used to calibrate the absolute
mass scale and to extract the resolution difference between
data and MC simulation. The fit to the ψð3686Þ results
in a mass shift of μψð3686Þ ¼ −ð0.34$ 0.04Þ MeV=c2, and
a standard deviation of the Gaussian resolution function of
σ ¼ ð1.14$ 0.07Þ MeV=c2. The resolution parameter of
the resolution Gaussian applied to the MC simulated signal
shape is fixed at 1.14 MeV=c2 in the fit to the Xð3872Þ.
Figure 2 shows the fit result (with M½Xð3872Þ&input ¼
3871:7 MeV=c2 as input in MC simulation), which gives
μXð3872Þ ¼ −ð0.10 $ 0.69Þ MeV=c2 and N½Xð3872Þ& ¼
20:1$ 4.5. So, the measured mass of Xð3872Þ
is M½Xð3872Þ& ¼ M½Xð3872Þ&input þ μXð3872Þ − μψð3686Þ ¼
ð3871:9 $ 0.7Þ MeV=c2, where the uncertainty includes

the statistical uncertainties from the fit and the mass
calibration. The limited statistics prevent us from measur-
ing the intrinsic width of the Xð3872Þ. From a fit with a
floating width we obtain Γ½Xð3872Þ& ¼ ð0.0þ1.7

−0.0Þ MeV, or
less than 2.4 MeV at the 90% confidence level (C.L.).
The statistical significance of Xð3872Þ is 6.3σ, estimated
by comparing the difference of log-likelihood value
[Δð−2 lnLÞ ¼ 44:5] with and without the Xð3872Þ signal
in the fit, and taking the change of the number of degrees of
freedom (Δndf ¼ 2) into consideration.
Figure 3 shows the angular distribution of the

radiative photon in the eþe− c.m. frame and the πþπ−
invariant mass distribution, for the Xð3872Þ signal events
(3.86 < Mðπþπ−J=ψÞ < 3.88 GeV=c2) and normalized
sideband events (3.83 < Mðπþπ−J=ψÞ < 3.86 or 3.88 <
Mðπþπ−J=ψÞ < 3.91 GeV=c2). The data agree with MC
simulation assuming a pure E1-transition between the
Yð4260Þ and the Xð3872Þ for the polar angle distribution,
and the Mðπþπ−Þ distribution is consistent with the
CDF observation [9] of a dominant ρ0ð770Þ resonance
contribution.
The product of the Born-order cross section times

the branching fraction of Xð3872Þ → πþπ−J=ψ is
calculated using σB½eþe− → γXð3872Þ& × B½Xð3872Þ →
πþπ−J=ψ & ¼ Nobs=Lintð1þ δÞϵB, where Nobs is the num-
ber of observed events obtained from the fit to the
Mðπþπ−J=ψÞ distribution, Lint is integrated luminosity,
ϵ is the detection efficiency, B is the branching fraction of
J=ψ → lþl− and (1þ δ) is the radiative correction factor,
which depends on the line shape of eþe− → γXð3872Þ.
Since we observe large cross sections at

ffiffiffi
s

p
¼ 4.229 and

4.260 GeV, we assume the eþe− → γXð3872Þ cross section
follows that of eþe− → πþπ−J=ψ over the full energy
range of interest and use the eþe− → πþπ−J=ψ line-shape
from published results [11] as input in the calculation of the
efficiency and radiative correction factor. The results of
these studies at different energies (

ffiffiffi
s

p
¼ 4.009, 4.229,

4.260, and 4.360 GeV) are listed in Table I. For the
4.009 and 4.360 GeV data, where the Xð3872Þ signal is
not statistically significant, upper limits for production
yield at 90% C.L. are also given. As a validation, the
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FIG. 1 (color online). The πþπ−J=ψ invariant mass distribu-
tions at

ffiffiffi
s

p
¼ 4.009 (top left), 4.229 (top right), 4.260 (bottom

left), and 4.360 GeV (bottom right). Dots with error bars are
data, the green shaded histograms are normalized J=ψ sideband
events.
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FIG. 2 (color online). Fit of theMðπþπ−J=ψÞ distribution with
a MC simulated histogram convolved with a Gaussian function
for signal and a linear background function. Dots with error bars
are data, the red curve shows the total fit result, while the blue
dashed curve shows the background contribution.
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FIG. 3 (color online). The cos θ distribution of the radiative
photon in eþe− c.m. frame (left) and the Mðπþπ−Þ distribution
(right). Dots with error bars are data in the Xð3872Þ signal region,
the green shaded histograms are normalized Xð3872Þ sideband
events, and the red open histogram in the left panel is the result
from a MC simulation that assumes a pure E1 transition.

PRL 112, 092001 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

7 MARCH 2014

092001-4
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Overview of XYZ Physics at BESIII

This Proposal:
10 × 500 pb−1 between 4.31 and 4.41 GeV

A Few Physics Highlights:  
discovery of e+e− → γX(3872)
discovery of complicated Y-like structure 
discovery of the Zc(3900) and Zc(4020)

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 )

PRL 118, 092001 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

3 MARCH 2017

092001-5

Discovery of complex structure in π+π−J/ψ
PRL 118, 092001 (2017)

narrow peak at 4220; wide peak at 4320 MeV
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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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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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the geometric description of the BESIII detector and the
detector response. For the signal process, we use an MC
sample for eþe− → πþπ−hc process generated according
to phase space. ISR is simulated with KKMC [26] with a
maximum energy for the ISR photon corresponding to the
πþπ−hc mass threshold.
We select signal candidates with the same method as that

described in Ref. [17]. Figure 1 shows the scatter plot of
the invariant mass of the ηc candidate vs the one of the hc
candidate and the invariant mass distribution of γηc in the
ηc signal region for the data sample at

ffiffiffi
s

p
¼ 4.416 GeV.

A clear hc → γηc signal is observed. The ηc signal region is
defined by a mass window around the nominal ηc mass [3],
which is within #50 MeV=c2 with efficiency about 84%
(#45 MeV=c2 with efficiency about 80%) from MC
simulation for final states with only charged or K0

S particles
(for those including π0 or η).
We determine the number of πþπ−hc signal events (nobshc

)
from the γηc invariant mass distribution. For the XYZ data
sample, the γηc mass spectrum is fitted with the MC
simulated signal shape convolved with a Gaussian function
to reflect the mass resolution difference between the data
and MC simulation, together with a linear background.
The fit to the data sample at

ffiffiffi
s

p
¼ 4.416 GeV is shown in

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

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

ffiffiffi
s

p
¼ 4.226, 4.258,

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

signal region ½3.515; 3.535% GeV=c2 (nsig) and the entries
in the hc sideband regions ½3.475; 3.495% GeV=c2 and
½3.555; 3.575% GeV=c2 (nside) using the formula nobshc

¼
nsig − fnside. Here, the scale factor f ¼ 0.5 is the ratio
of the size of the signal region and the background region,
and the background is assumed to be distributed linearly in
the region of interest.
The Born cross section is calculated from

σB ¼
nobshc

Lð1þ δÞj1þ Πj2B1

P
16
i¼1 ϵiB2ðiÞ

;

where nobshc
is the number of observed signal events, L is the

integrated luminosity, (1þ δ) is the ISR correction factor,
j1þ Πj2 is the correction factor for vacuum polarization
[28], B1 is the branching fraction of hc → γηc [3], ϵi and
B2ðiÞ are the detection efficiency and branching fraction
for the ith ηc decay mode [27], respectively. The ISR
correction factor is obtained using the QED calculation as
described in Ref. [29] and taking the formula used to fit the
cross section measured in this analysis after two iterations
as input. The Born cross sections are summarized in the
Supplemental Material [19] together with all numbers used
in the calculation of the Born cross sections. The dressed
cross sections (including vacuum polarization effects) are
shown in Fig. 2 with dots and squares for the R-scan and
XYZ data sample, respectively. The cross sections are of the
same order of magnitude as those of the eþe− → πþπ−J=ψ
and eþe− → πþπ−ψð2SÞ [4–12], but follow a different line
shape. The cross section drops in the high energy region,
but more slowly than for the eþe− → πþπ−J=ψ process.
Systematic uncertainties in the cross section measure-

ment mainly come from the luminosity measurement, the

)2(GeV/c
c

ηγM
3.48 3.50 3.52 3.54 3.56 3.58 3.60

)2
E

ve
nt

s 
/ (

 0
.0

02
 G

eV
/c

0

50

100

150

)2(GeV/c
c

ηγM
3.50 3.55 3.60

)2
(G

eV
/c

cη
M

2.8

2.9

3.0

3.1

3.2

0

10

20

30

40

50

FIG. 1. The Mγηc distribution in the ηc signal region of
4.416 GeV data. Points with error bars are the data and the
curves are the best fit described in the text. The inset is the scatter
plot of the mass of the ηc candidate Mηc vs the mass of the hc
candidate Mγηc for the same data sample.

 (GeV)s
3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6

D
re

ss
ed

 C
ro

s s
 s

ec
ti

on
 (p

b)

-50

0

50

100

150

200

250 BESIII: R-scan data sample

BESIII: XYZ data sample

Fit curve: Total
Fit curve: Y(4220)

Fit curve: Y(4390)

FIG. 2. Fit to the dressed cross section of eþe− → πþπ−hc with
the coherent sum of two Breit-Wigner functions (solid curve).
The dash (dash-dot) curve shows the contribution from the two
structures Yð4220Þ [Yð4390Þ]. The dots with error bars are the
cross sections for the R-scan data sample, the squares with error
bars are the cross sections for the XYZ data sample. Here the error
bars are statistical uncertainty only.

PRL 118, 092002 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

3 MARCH 2017

092002-4

Discovery of complex structure in π+π−hc
PRL 118, 092002 (2017)

narrow peak at 4220; wide peak at 4390 MeV



8

π∓,0

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(43S1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)Y(4260)

Y(4360)

X(3872)
Z(3900)

predicted, discovered

predicted, undiscovered

unpredicted, discovered

Z(4020)
γ

π±,0

π∓,0 π+π−

ω

ψ(23D1)

ψ(33S1)

hc(21P1)

Overview of XYZ Physics at BESIII

This Proposal:
10 × 500 pb−1 between 4.31 and 4.41 GeV

A Few Physics Highlights:  
discovery of e+e− → γX(3872)
discovery of complicated Y-like structure 
discovery of the Zc(3900) and Zc(4020)

a mass difference of 2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J=c
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied eþe% ! "þ"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9& 1:9& 3:7Þ pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
ð3899:0& 3:6& 4:9Þ MeV=c2 and a width of ð46& 10&
20Þ MeV is observed in the "&J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the "&c ð3686Þ and "&!c1 systems
[23–26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near the D !D# and D# !D#

thresholds [27].
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a mass difference of 2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J=c
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied eþe% ! "þ"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9& 1:9& 3:7Þ pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
ð3899:0& 3:6& 4:9Þ MeV=c2 and a width of ð46& 10&
20Þ MeV is observed in the "&J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the "&c ð3686Þ and "&!c1 systems
[23–26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near the D !D# and D# !D#

thresholds [27].
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FIG. 4 (color online). Fit to the Mmaxð"&J=c Þ distribution as
described in the text. Dots with error bars are data; the red solid
curve shows the total fit, and the blue dotted curve the back-
ground from the fit; the red dotted-dashed histogram shows the
result of a phase space (PHSP) MC simulation; and the green
shaded histogram shows the normalized J=c sideband events.

PRL 110, 252001 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
21 JUNE 2013

252001-6

Discovery of the Zc(3900) in π+π−J/ψ
PRL 110, 252001 (2013)

(461 citations as of 3/12/17)

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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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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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
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scale of the D!D!! shape is arbitrary.
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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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a mass difference of 2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J=c
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied eþe% ! "þ"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9& 1:9& 3:7Þ pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
ð3899:0& 3:6& 4:9Þ MeV=c2 and a width of ð46& 10&
20Þ MeV is observed in the "&J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the "&c ð3686Þ and "&!c1 systems
[23–26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near the D !D# and D# !D#

thresholds [27].
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FIG. 4 (color online). Fit to the Mmaxð"&J=c Þ distribution as
described in the text. Dots with error bars are data; the red solid
curve shows the total fit, and the blue dotted curve the back-
ground from the fit; the red dotted-dashed histogram shows the
result of a phase space (PHSP) MC simulation; and the green
shaded histogram shows the normalized J=c sideband events.
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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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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
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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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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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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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1.  The Y Problem:  
e+e− cross sections as a function of ECM have become increasingly complex.
    — Even the Y(4260) in ππJ/ψ no longer looks like a simple peak.

— The ππhc cross section is clearly inconsistent with ππJ/ψ.
— Open charm cross sections are even more intriguing.

⇒ A fine high-statistics energy scan is needed for a more systematic approach.

2.  The Z Problem:
At 4.23 and 4.26 GeV, we found evidence for the Zc(3900) and the Zc(4020),  
but at 4.42 GeV the Dalitz plots are generally more complex.

— ππJ/ψ shows a strange diagonal structure in the Dalitz plot (progress has been made!).
— ππψ(2S) shows a structure at 4040 (but we can’t easily fit it)??? 

⇒ Amplitude analyses at multiple energies would probe threshold behaviors.

Next Proposal:
Building on the ongoing 2017 scan, continue to scan from 4.31 to 4.41 GeV.
2017:  500pb−1 at 4.19, 4.20, 4.21, 4.22, 4.24, 4.25, 4.27, 4.28, 4.29, 4.30 GeV
NEXT:  500pb−1 at  4.31, 4.32, 4.33, 4.34, 4.35, 4.37, 4.38, 4.39, 4.40, 4.41 GeV
    (going to 4.41 GeV connects us to our large data set at 4.42 GeV)
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sum of one Breit-Wigner function and a phase space term
gives a worse result as well, the change of the likelihood
value is ½Δð−2 lnLÞ ¼ 66.8%. We also fit the cross section
with the coherent sum of three Breit-Wigner functions, or
the coherent sum of two Breit-Wigner functions and a
phase space term. Both assumptions improve the fit quality,
but the significances of the third resonance and the phase
space term are only 2.6σ and 2.9σ, respectively.
The systematic uncertainties in the resonance parameters

mainly come from the absolute c.m. energy measurement,
the c.m. energy spread, and the systematic uncertainty
on the cross section measurement. The uncertainty from the
c.m. energy measurement includes the uncertainty of the
c.m. energy and the assumption made in the measurement
for the R-scan data sample. Because of the low statistics at
each energy point in the R-scan data sample, we approxi-
mate the difference between the requested and the actual
c.m. energy by a common constant. To assess the system-
atic uncertainty connected with this assumption, we replace
the constant by a c.m. energy-dependent second-order
polynomial. The systematic uncertainty of the c.m. energy
is common for all the energy points in the two data samples
and will propagate to the mass measurement (0.8 MeV).
The changes on the parameters are taken as uncertainty.
The uncertainty from c.m. energy spread is estimated by

convoluting the fit formula with a Gaussian function with a
width of 1.6 MeV, which is beam spread, measured by the
Beam Energy Measurement System [36]. The uncertainty
from the cross section measurement is divided into two
parts. The first one is uncorrelated among the different c.m.
energy points and comes mainly from the fit to the γηc
invariant mass spectrum to determine the signal yields.
The corresponding uncertainty is estimated by including
the uncertainty in the fit to the cross section, and taking
the differences on the parameters as uncertainties. The
second part includes all the other sources, is common for all
data points (14.8%), and only affects the ΓeeB measure-
ment. Table I summarizes the systematic uncertainty in the
resonance parameters.
In summary, we measure the eþe− → πþπ−hc Born

cross section using data at 79 c.m. energy points from
3.896 to 4.600 GeV. Assuming the πþπ−hc events come
from two resonances, we obtain M ¼ ð4218.4þ5.5

−4.5 '
0.9Þ MeV=c2, Γ ¼ ð66.0þ12.3

−8.3 ' 0.4Þ MeV, and ðΓeeBÞ ¼
ð4.6þ2.9

−1.4 ' 0.8Þ eV for Yð4220Þ, and M ¼ ð4391.5þ6.3
−6.8 '

1.0Þ MeV=c2, Γ ¼ ð139.5þ16.2
−20.6 ' 0.6Þ MeV, and ðΓeeBÞ ¼

ð11.6þ5.0
−4.4 ' 1.9Þ eV for Yð4390Þ, with a relative phase of

ϕ ¼ ð3.1þ0.7
−0.9 ' 0.2Þ rad. The first errors are statistical

and the second are systematic. The parameters of these
structures are different from those of Yð4260Þ, Yð4360Þ,
and ψð4415Þ [3]. The resonance parameters of Yð4220Þ
are consistent with those of the resonance observed in
eþe− → ωχc0 [13].
The two resonances observed in eþe− → πþπ−hc process

are located in the mass region between 4.2 and 4.4 GeV=c2,
where the vector charmonium hybrid states are predicted
from various QCD calculations [37–39]. The mass of
Yð4220Þ is lower than that of Yð4260Þ observed in the
eþe− → πþπ−J=ψ process. The smaller mass is consistent
with some of the theoretical calculations for the mass of
Yð4260Þ when explaining it as a D1D̄ molecule [40,41].

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

TABLE I. The systematic uncertainty in the measurement of the resonance parameters. c.m. energy1;2 represent the uncertainty from
the systematic uncertainty of c.m. energy measurement and the assumption made in the c.m. energy measurement for R-scan data
sample, respectively. Cross sectionaðbÞ represents the uncertainty from the systematic uncertainties of the cross section measurement
which are un-correlated (common) in each energy point.

Yð4220Þ Yð4390Þ
Sources M (MeV=c2) Γ (MeV) ðΓeeBÞ (eV) M (MeV=c2) Γ (MeV) ðΓeeBÞ (eV) ϕ (rad)

c.m. energy1ð2Þ 0.8(0.1) −ð0.1Þ −ð0.2Þ 0.8(0.1) −ð0.2Þ −ð0.3Þ −ð0.1Þ
c.m. energy spread 0.1 0.3 0.3 0.1 0.1 0.7 0.1
Cross sectionaðbÞ 0.1ð−Þ −ð−Þ 0.2(0.7) 0.6ð−Þ 0.5ð−Þ 0.4(1.7) 0.1ð−Þ
Total 0.9 0.4 0.8 1.0 0.6 1.9 0.2
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FIG. 3. The likelihood contours in the mass and width planes
for Yð4220Þ (left panel) and Yð4390Þ (right panel). The filled
areas are up to 3σ likelihood contours and the dots with error bars
are the locations of Y or ψ states. The parameters of Yð4260ÞPDG
are taken from the PDG average [3] and Yð4260ÞBESIII from the
measurement of eþe− → πþπ−J=ψ at BESIII [35].
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1.  The Y Problem:  
e+e− cross sections as a function of ECM have become increasingly complex.
    — Even the Y(4260) in ππJ/ψ no longer looks like a simple peak.

— The ππhc cross section is clearly inconsistent with ππJ/ψ.
— Open charm cross sections are even more intriguing.

⇒ A fine high-statistics energy scan is needed for a more systematic approach.

2.  The Z Problem:
At 4.23 and 4.26 GeV, we found evidence for the Zc(3900) and the Zc(4020),  
but at 4.42 GeV the Dalitz plots are generally more complex.

— ππJ/ψ shows a strange diagonal structure in the Dalitz plot (progress has been made!).
— ππψ(2S) shows a structure at 4040 (but we can’t easily fit it)??? 

⇒ Amplitude analyses at multiple energies would probe threshold behaviors.

Next Proposal:
Building on the ongoing 2017 scan, continue to scan from 4.31 to 4.41 GeV.
2017:  500pb−1 at 4.19, 4.20, 4.21, 4.22, 4.24, 4.25, 4.27, 4.28, 4.29, 4.30 GeV
NEXT:  500pb−1 at  4.31, 4.32, 4.33, 4.34, 4.35, 4.37, 4.38, 4.39, 4.40, 4.41 GeV
    (going to 4.41 GeV connects us to our large data set at 4.42 GeV)
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— ππψ(2S) shows a structure at 4040 (but we can’t easily fit it)??? 

⇒ Amplitude analyses at multiple energies would probe threshold behaviors.

Next Proposal:
Building on the ongoing 2017 scan, continue to scan from 4.31 to 4.41 GeV.
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1.  The Y Problem:  
e+e− cross sections as a function of ECM have become increasingly complex.
    — Even the Y(4260) in ππJ/ψ no longer looks like a simple peak.

— The ππhc cross section is clearly inconsistent with ππJ/ψ.
— Open charm cross sections are even more intriguing.

⇒ A fine high-statistics energy scan is needed for a more systematic approach.
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1.  The Y Problem:  
e+e− cross sections as a function of ECM have become increasingly complex.
    — Even the Y(4260) in ππJ/ψ no longer looks like a simple peak.

— The ππhc cross section is clearly inconsistent with ππJ/ψ.
— Open charm cross sections are even more intriguing.
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— ππJ/ψ shows a strange diagonal structure in the Dalitz plot (progress has been made!).
— ππψ(2S) shows a structure at 4040 (but we can’t easily fit it)??? 

⇒ Amplitude analyses at multiple energies would probe threshold behaviors.

Next Proposal:
Building on the ongoing 2017 scan, continue to scan from 4.31 to 4.41 GeV.
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1.  The Y Problem:  
e+e− cross sections as a function of ECM have become increasingly complex.
    — Even the Y(4260) in ππJ/ψ no longer looks like a simple peak.

— The ππhc cross section is clearly inconsistent with ππJ/ψ.
— Open charm cross sections are even more intriguing.

⇒ A fine high-statistics energy scan is needed for a more systematic approach.

2.  The Z Problem:
At 4.23 and 4.26 GeV, we found evidence for the Zc(3900) and the Zc(4020),  
but at 4.42 GeV the Dalitz plots are generally more complex.

— ππJ/ψ shows a strange diagonal structure in the Dalitz plot (progress has been made!).
— ππψ(2S) shows a structure at 4040 (but we can’t easily fit it)??? 

⇒ Amplitude analyses at multiple energies would probe threshold behaviors.
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1.  The Y Problem:  
e+e− cross sections as a function of ECM have become increasingly complex.
    — Even the Y(4260) in ππJ/ψ no longer looks like a simple peak.

— The ππhc cross section is clearly inconsistent with ππJ/ψ.
— Open charm cross sections are even more intriguing.

⇒ A fine high-statistics energy scan is needed for a more systematic approach.
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At 4.23 and 4.26 GeV, we found evidence for the Zc(3900) and the Zc(4020),  
but at 4.42 GeV the Dalitz plots are generally more complex.

— ππJ/ψ shows a strange diagonal structure in the Dalitz plot (progress has been made!).
— ππψ(2S) shows a structure at 4040 (but we can’t easily fit it)??? 

⇒ Amplitude analyses at multiple energies would probe threshold behaviors.

Next Proposal:
Building on the ongoing 2017 scan, continue to scan from 4.31 to 4.41 GeV.
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1.  The Y Problem:  
e+e− cross sections as a function of ECM have become increasingly complex.
    — Even the Y(4260) in ππJ/ψ no longer looks like a simple peak.

— The ππhc cross section is clearly inconsistent with ππJ/ψ.
— Open charm cross sections are even more intriguing.

⇒ A fine high-statistics energy scan is needed for a more systematic approach.

2.  The Z Problem:
At 4.23 and 4.26 GeV, we found evidence for the Zc(3900) and the Zc(4020),  
but at 4.42 GeV the Dalitz plots are generally more complex.

— ππJ/ψ shows a strange diagonal structure in the Dalitz plot (progress has been made!).
— ππψ(2S) shows a structure at 4040 (but we can’t easily fit it)??? 

⇒ Amplitude analyses at multiple energies would probe threshold behaviors.

Next Proposal:
Building on the ongoing 2017 scan, continue to scan from 4.31 to 4.41 GeV.
2017:  500pb−1 at 4.19, 4.20, 4.21, 4.22, 4.24, 4.25, 4.27, 4.28, 4.29, 4.30 GeV
NEXT:  500pb−1 at  4.31, 4.32, 4.33, 4.34, 4.35, 4.37, 4.38, 4.39, 4.40, 4.41 GeV
    (going to 4.41 GeV connects us to our large data set at 4.42 GeV)

Other e+e− Cross Sections (selection)

*  all open charm cross sections:
     — investigate coupled channels.
*  ωχc1 and ωχc2:
     — enhancements at threshold like ωχc0?
*  γηc and γχc0:
     — consistent with lattice QCD hybrid calculations?
*  π+π−hc(2P):
     — discover the hc(2P)?
*  π+π−ψ(2S):
     — will the Y(4360) also turn out to be more complicated?
*  ηJ/ψ, η’J/ψ, XJ/ψ…:
     — other surprises?
*  Xηc:
     — can we access ηc channels?
*  + many more…
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1.  The Y Problem:  
e+e− cross sections as a function of ECM have become increasingly complex.
    — Even the Y(4260) in ππJ/ψ no longer looks like a simple peak.

— The ππhc cross section is clearly inconsistent with ππJ/ψ.
— Open charm cross sections are even more intriguing.

⇒ A fine high-statistics energy scan is needed for a more systematic approach.

2.  The Z Problem:
At 4.23 and 4.26 GeV, we found evidence for the Zc(3900) and the Zc(4020),  
but at 4.42 GeV the Dalitz plots are generally more complex.

— ππJ/ψ shows a strange diagonal structure in the Dalitz plot (progress has been made!).
— ππψ(2S) shows a structure at 4040 (but we can’t easily fit it)??? 

⇒ Amplitude analyses at multiple energies would probe threshold behaviors.

Next Proposal:
Building on the ongoing 2017 scan, continue to scan from 4.31 to 4.41 GeV.
2017:  500pb−1 at 4.19, 4.20, 4.21, 4.22, 4.24, 4.25, 4.27, 4.28, 4.29, 4.30 GeV
NEXT:  500pb−1 at  4.31, 4.32, 4.33, 4.34, 4.35, 4.37, 4.38, 4.39, 4.40, 4.41 GeV
    (going to 4.41 GeV connects us to our large data set at 4.42 GeV)
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1.  The Y Problem:  
e+e− cross sections as a function of ECM have become increasingly complex.
    — Even the Y(4260) in ππJ/ψ no longer looks like a simple peak.

— The ππhc cross section is clearly inconsistent with ππJ/ψ.
— Open charm cross sections are even more intriguing.

⇒ A fine high-statistics energy scan is needed for a more systematic approach.

2.  The Z Problem:
At 4.23 and 4.26 GeV, we found evidence for the Zc(3900) and the Zc(4020),  
but at 4.42 GeV the Dalitz plots are generally more complex.

— ππJ/ψ shows a strange diagonal structure in the Dalitz plot (progress has been made!).
— ππψ(2S) shows a structure at 4040 (but we can’t easily fit it)??? 

⇒ Amplitude analyses at multiple energies would probe threshold behaviors.

Next Proposal:
Building on the ongoing 2017 scan, continue to scan from 4.31 to 4.41 GeV.
2017:  500pb−1 at 4.19, 4.20, 4.21, 4.22, 4.24, 4.25, 4.27, 4.28, 4.29, 4.30 GeV
NEXT:  500pb−1 at  4.31, 4.32, 4.33, 4.34, 4.35, 4.37, 4.38, 4.39, 4.40, 4.41 GeV
    (going to 4.41 GeV connects us to our large data set at 4.42 GeV)
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but at 4.42 GeV the Dalitz plots are generally more complex.
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— ππψ(2S) shows a structure at 4040 (but we can’t easily fit it)??? 
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Next Proposal:
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— Open charm cross sections are even more intriguing.

⇒ A fine high-statistics energy scan is needed for a more systematic approach.

2.  The Z Problem:
At 4.23 and 4.26 GeV, we found evidence for the Zc(3900) and the Zc(4020),  
but at 4.42 GeV the Dalitz plots are generally more complex.
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Figure 9: Fit 2: The projection of the fit for 4420 real data with Zc(39xx) included. (a) m(⇡±J/ ), (b)
m(⇡+⇡�). The black dots are real data, the red line are the sum of the fit result and background. The
represented components of other lines are shown in the legend. The m2(⇡+⇡�) vs. m2(⇡±J/ ) for (c) real
data, (d) fit result.
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e+e− → π+π−J/ψ at 4420 MeV
In Progress (from SUN Zhentian)
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1.  The Y Problem:  
e+e− cross sections as a function of ECM have become increasingly complex.
    — Even the Y(4260) in ππJ/ψ no longer looks like a simple peak.

— The ππhc cross section is clearly inconsistent with ππJ/ψ.
— Open charm cross sections are even more intriguing.

⇒ A fine high-statistics energy scan is needed for a more systematic approach.

2.  The Z Problem:
At 4.23 and 4.26 GeV, we found evidence for the Zc(3900) and the Zc(4020),  
but at 4.42 GeV the Dalitz plots are generally more complex.

— ππJ/ψ shows a strange diagonal structure in the Dalitz plot (progress has been made!).
— ππψ(2S) shows a structure at 4040 (but we can’t easily fit it)??? 

⇒ Amplitude analyses at multiple energies would probe threshold behaviors.

Next Proposal:
Building on the ongoing 2017 scan, continue to scan from 4.31 to 4.41 GeV.
2017:  500pb−1 at 4.19, 4.20, 4.21, 4.22, 4.24, 4.25, 4.27, 4.28, 4.29, 4.30 GeV
NEXT:  500pb−1 at  4.31, 4.32, 4.33, 4.34, 4.35, 4.37, 4.38, 4.39, 4.40, 4.41 GeV
    (going to 4.41 GeV connects us to our large data set at 4.42 GeV)

e+e− → π+π−ψ(2S) at 4230 MeV  
(BAM-102)
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FIG. 3. Dalitz plot of M2(π±ψ(3686)) versus M2(π+π−) (first row); the distribution of M2(π±ψ(3686)) (two
entries per event) (middle row); the distribution of M2(π+π−) (bottom row) for data at

√
s= (a) 4.230, (b) 4.260,

(c) 4.360 and (d) 4.420 GeV, respectively. Dots with errors are data; for plots at
√
s = 4.230 GeV, the dashed

(pink) and dash-dot (blue) curves show the shape from Zc(4040)
± signal and direct process e+e− → π+π−ψ(3686)

(with arbitrary scale). For plots at
√
s =4.260, 4.360 and 4.420 GeV, the solid curves (red) are projections from

the fit; the dashed curves (pink) show the Zc(4040)
± signal; the dash-dot curves (blue) show the shape from the

direct process e+e− → π+π−ψ(3686); the shaded histograms (green) show the non-ψ(3686) background estimated
with the ψ(3686) sideband. In all plots, the two modes are combined.

TABLE I. The signal yields, the production ratio R and the
significance of Zc(4040)

± for data at individual c.m. energies.
The subscript 1, 2 and c denote mode I, II and the combina-
tion, respectively. The first uncertainties are statistical and
the second systematic.

√
s (GeV) 4.260 4.360 4.420

N1(Zc) 108± 16 24.7± 9.8 122± 18
R1(%) 40.3± 6.2± 22.5 5.2± 2.1± 1.1 18.1± 2.7± 1.6
N2(Zc) 64± 12 14.6± 7.1 64± 11
R2(%) 75.6± 13.6± 59.3 6.4± 3.1± 2.4 19.7± 3.5± 3.7
Rc(%) 41.4± 5.6± 21.7 5.5± 1.7± 1.0 18.5± 2.1± 1.6
Sig. 13.6σ 3.6σ 13.8σ

width, as well as its production ratio R. The uncertain-398

ty associated with signal parametrization is explored by399

assuming both the relative orbital momentum between400

the π∓ and Zc(4040)± in the rest frame of the e+e− sys-401

tem and between the π± and ψ(3686) in the Zc(4040)±402

rest system are P -wave. The uncertainty due to the403

Zc(4040)± mass resolution difference between data and404

MC is studied by a fit with a mass resolution increased405

by 19.0%, estimated by comparing the mass resolution of406

the ψ(3686) between data and MC simulation. The un-407

certainty from the fit range is estimated by narrowing the408

fit range in both the high and low sides of the boundaries409

on the Dalitz plots by 0.2 (GeV/c2)2. The uncertainty410

related with the ψ(3686) mass requirement is studied by411

a similar analysis with an alternative mass requirement.412

The uncertainty associated with the existence of the413

Zc(3900)± is explored by including the Zc(3900)± in414

the fit. In Fig. 3(d), the Zc(3900)± is found in data415

at
√
s = 4.420 GeV. The fits including the Zc(3900)±416

are performed based on the nominal fit for data at indi-417

vidual c.m. energies, where the mass and width of the418

Zc(3900)± are fixed to the weighted average values from419

Ref. [9, 13], M = 3883.8 ± 2.1 MeV/c2 and Γ = 26.9 ±420

2.9 MeV, respectively. The fit yields the Zc(4040) with a421

mass of 4042.4±1.6 MeV, and a width of 26.9±3.0 MeV.422

For data at
√
s = 4.420 GeV, the statistical significance423

of the Zc(3900)± is 5.3σ, and the production ratio, R424

= σ(e+e−→π±Zc(3900)
±→π+π−ψ(3686))

σ(e+e−→π+π−ψ(3686)) = (8.9 ± 1.7)%. No425

Zc(3900)± is found in data at
√
s = 4.360 GeV. For da-426

ta at
√
s = 4.260 GeV, the mass of the Zc(3900)± and427

Zc(4040)± are reflected onto each other. Therefore, their428

signal yields are very sensitive to the Zc(3900)± param-429

eters. The fit estimates the Zc(3900)± significance to be430

3.4σ for data at
√
s = 4.260 GeV based on the above mass431

and width. An alternative fit under the assumption that432

Zc(4040) only exists at
√
s =4.420 GeV is performed.433
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FIG. 3. Dalitz plot of M2(π±ψ(3686)) versus M2(π+π−) (first row); the distribution of M2(π±ψ(3686)) (two
entries per event) (middle row); the distribution of M2(π+π−) (bottom row) for data at

√
s= (a) 4.230, (b) 4.260,

(c) 4.360 and (d) 4.420 GeV, respectively. Dots with errors are data; for plots at
√
s = 4.230 GeV, the dashed

(pink) and dash-dot (blue) curves show the shape from Zc(4040)
± signal and direct process e+e− → π+π−ψ(3686)

(with arbitrary scale). For plots at
√
s =4.260, 4.360 and 4.420 GeV, the solid curves (red) are projections from

the fit; the dashed curves (pink) show the Zc(4040)
± signal; the dash-dot curves (blue) show the shape from the

direct process e+e− → π+π−ψ(3686); the shaded histograms (green) show the non-ψ(3686) background estimated
with the ψ(3686) sideband. In all plots, the two modes are combined.

TABLE I. The signal yields, the production ratio R and the
significance of Zc(4040)

± for data at individual c.m. energies.
The subscript 1, 2 and c denote mode I, II and the combina-
tion, respectively. The first uncertainties are statistical and
the second systematic.

√
s (GeV) 4.260 4.360 4.420

N1(Zc) 108± 16 24.7± 9.8 122± 18
R1(%) 40.3± 6.2± 22.5 5.2± 2.1± 1.1 18.1± 2.7± 1.6
N2(Zc) 64± 12 14.6± 7.1 64± 11
R2(%) 75.6± 13.6± 59.3 6.4± 3.1± 2.4 19.7± 3.5± 3.7
Rc(%) 41.4± 5.6± 21.7 5.5± 1.7± 1.0 18.5± 2.1± 1.6
Sig. 13.6σ 3.6σ 13.8σ

width, as well as its production ratio R. The uncertain-398

ty associated with signal parametrization is explored by399

assuming both the relative orbital momentum between400

the π∓ and Zc(4040)± in the rest frame of the e+e− sys-401

tem and between the π± and ψ(3686) in the Zc(4040)±402

rest system are P -wave. The uncertainty due to the403

Zc(4040)± mass resolution difference between data and404

MC is studied by a fit with a mass resolution increased405

by 19.0%, estimated by comparing the mass resolution of406

the ψ(3686) between data and MC simulation. The un-407

certainty from the fit range is estimated by narrowing the408

fit range in both the high and low sides of the boundaries409

on the Dalitz plots by 0.2 (GeV/c2)2. The uncertainty410

related with the ψ(3686) mass requirement is studied by411

a similar analysis with an alternative mass requirement.412

The uncertainty associated with the existence of the413

Zc(3900)± is explored by including the Zc(3900)± in414

the fit. In Fig. 3(d), the Zc(3900)± is found in data415

at
√
s = 4.420 GeV. The fits including the Zc(3900)±416

are performed based on the nominal fit for data at indi-417

vidual c.m. energies, where the mass and width of the418

Zc(3900)± are fixed to the weighted average values from419

Ref. [9, 13], M = 3883.8 ± 2.1 MeV/c2 and Γ = 26.9 ±420

2.9 MeV, respectively. The fit yields the Zc(4040) with a421

mass of 4042.4±1.6 MeV, and a width of 26.9±3.0 MeV.422

For data at
√
s = 4.420 GeV, the statistical significance423

of the Zc(3900)± is 5.3σ, and the production ratio, R424

= σ(e+e−→π±Zc(3900)
±→π+π−ψ(3686))

σ(e+e−→π+π−ψ(3686)) = (8.9 ± 1.7)%. No425

Zc(3900)± is found in data at
√
s = 4.360 GeV. For da-426

ta at
√
s = 4.260 GeV, the mass of the Zc(3900)± and427

Zc(4040)± are reflected onto each other. Therefore, their428

signal yields are very sensitive to the Zc(3900)± param-429

eters. The fit estimates the Zc(3900)± significance to be430

3.4σ for data at
√
s = 4.260 GeV based on the above mass431

and width. An alternative fit under the assumption that432

Zc(4040) only exists at
√
s =4.420 GeV is performed.433
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FIG. 3. Dalitz plot of M2(π±ψ(3686)) versus M2(π+π−) (first row); the distribution of M2(π±ψ(3686)) (two
entries per event) (middle row); the distribution of M2(π+π−) (bottom row) for data at

√
s= (a) 4.230, (b) 4.260,

(c) 4.360 and (d) 4.420 GeV, respectively. Dots with errors are data; for plots at
√
s = 4.230 GeV, the dashed

(pink) and dash-dot (blue) curves show the shape from Zc(4040)
± signal and direct process e+e− → π+π−ψ(3686)

(with arbitrary scale). For plots at
√
s =4.260, 4.360 and 4.420 GeV, the solid curves (red) are projections from

the fit; the dashed curves (pink) show the Zc(4040)
± signal; the dash-dot curves (blue) show the shape from the

direct process e+e− → π+π−ψ(3686); the shaded histograms (green) show the non-ψ(3686) background estimated
with the ψ(3686) sideband. In all plots, the two modes are combined.

TABLE I. The signal yields, the production ratio R and the
significance of Zc(4040)

± for data at individual c.m. energies.
The subscript 1, 2 and c denote mode I, II and the combina-
tion, respectively. The first uncertainties are statistical and
the second systematic.

√
s (GeV) 4.260 4.360 4.420

N1(Zc) 108± 16 24.7± 9.8 122± 18
R1(%) 40.3± 6.2± 22.5 5.2± 2.1± 1.1 18.1± 2.7± 1.6
N2(Zc) 64± 12 14.6± 7.1 64± 11
R2(%) 75.6± 13.6± 59.3 6.4± 3.1± 2.4 19.7± 3.5± 3.7
Rc(%) 41.4± 5.6± 21.7 5.5± 1.7± 1.0 18.5± 2.1± 1.6
Sig. 13.6σ 3.6σ 13.8σ

width, as well as its production ratio R. The uncertain-398

ty associated with signal parametrization is explored by399

assuming both the relative orbital momentum between400

the π∓ and Zc(4040)± in the rest frame of the e+e− sys-401

tem and between the π± and ψ(3686) in the Zc(4040)±402

rest system are P -wave. The uncertainty due to the403

Zc(4040)± mass resolution difference between data and404

MC is studied by a fit with a mass resolution increased405

by 19.0%, estimated by comparing the mass resolution of406

the ψ(3686) between data and MC simulation. The un-407

certainty from the fit range is estimated by narrowing the408

fit range in both the high and low sides of the boundaries409

on the Dalitz plots by 0.2 (GeV/c2)2. The uncertainty410

related with the ψ(3686) mass requirement is studied by411

a similar analysis with an alternative mass requirement.412

The uncertainty associated with the existence of the413

Zc(3900)± is explored by including the Zc(3900)± in414

the fit. In Fig. 3(d), the Zc(3900)± is found in data415

at
√
s = 4.420 GeV. The fits including the Zc(3900)±416

are performed based on the nominal fit for data at indi-417

vidual c.m. energies, where the mass and width of the418

Zc(3900)± are fixed to the weighted average values from419

Ref. [9, 13], M = 3883.8 ± 2.1 MeV/c2 and Γ = 26.9 ±420

2.9 MeV, respectively. The fit yields the Zc(4040) with a421

mass of 4042.4±1.6 MeV, and a width of 26.9±3.0 MeV.422

For data at
√
s = 4.420 GeV, the statistical significance423

of the Zc(3900)± is 5.3σ, and the production ratio, R424

= σ(e+e−→π±Zc(3900)
±→π+π−ψ(3686))

σ(e+e−→π+π−ψ(3686)) = (8.9 ± 1.7)%. No425

Zc(3900)± is found in data at
√
s = 4.360 GeV. For da-426

ta at
√
s = 4.260 GeV, the mass of the Zc(3900)± and427

Zc(4040)± are reflected onto each other. Therefore, their428

signal yields are very sensitive to the Zc(3900)± param-429

eters. The fit estimates the Zc(3900)± significance to be430

3.4σ for data at
√
s = 4.260 GeV based on the above mass431

and width. An alternative fit under the assumption that432

Zc(4040) only exists at
√
s =4.420 GeV is performed.433
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FIG. 3. Dalitz plot of M2(π±ψ(3686)) versus M2(π+π−) (first row); the distribution of M2(π±ψ(3686)) (two
entries per event) (middle row); the distribution of M2(π+π−) (bottom row) for data at

√
s= (a) 4.230, (b) 4.260,

(c) 4.360 and (d) 4.420 GeV, respectively. Dots with errors are data; for plots at
√
s = 4.230 GeV, the dashed

(pink) and dash-dot (blue) curves show the shape from Zc(4040)
± signal and direct process e+e− → π+π−ψ(3686)

(with arbitrary scale). For plots at
√
s =4.260, 4.360 and 4.420 GeV, the solid curves (red) are projections from

the fit; the dashed curves (pink) show the Zc(4040)
± signal; the dash-dot curves (blue) show the shape from the

direct process e+e− → π+π−ψ(3686); the shaded histograms (green) show the non-ψ(3686) background estimated
with the ψ(3686) sideband. In all plots, the two modes are combined.

TABLE I. The signal yields, the production ratio R and the
significance of Zc(4040)

± for data at individual c.m. energies.
The subscript 1, 2 and c denote mode I, II and the combina-
tion, respectively. The first uncertainties are statistical and
the second systematic.

√
s (GeV) 4.260 4.360 4.420

N1(Zc) 108± 16 24.7± 9.8 122± 18
R1(%) 40.3± 6.2± 22.5 5.2± 2.1± 1.1 18.1± 2.7± 1.6
N2(Zc) 64± 12 14.6± 7.1 64± 11
R2(%) 75.6± 13.6± 59.3 6.4± 3.1± 2.4 19.7± 3.5± 3.7
Rc(%) 41.4± 5.6± 21.7 5.5± 1.7± 1.0 18.5± 2.1± 1.6
Sig. 13.6σ 3.6σ 13.8σ
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related with the ψ(3686) mass requirement is studied by411
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at
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are performed based on the nominal fit for data at indi-417
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2.9 MeV, respectively. The fit yields the Zc(4040) with a421

mass of 4042.4±1.6 MeV, and a width of 26.9±3.0 MeV.422

For data at
√
s = 4.420 GeV, the statistical significance423

of the Zc(3900)± is 5.3σ, and the production ratio, R424

= σ(e+e−→π±Zc(3900)
±→π+π−ψ(3686))

σ(e+e−→π+π−ψ(3686)) = (8.9 ± 1.7)%. No425

Zc(3900)± is found in data at
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s = 4.360 GeV. For da-426

ta at
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e+e− → π+π−ψ(2S) at 4420 MeV  
(BAM-102)



The “Y Problem” and the “Z Problem”
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1.  The Y Problem:  
e+e− cross sections as a function of ECM have become increasingly complex.
    — Even the Y(4260) in ππJ/ψ no longer looks like a simple peak.

— The ππhc cross section is clearly inconsistent with ππJ/ψ.
— Open charm cross sections are even more intriguing.

⇒ A fine high-statistics energy scan is needed for a more systematic approach.

2.  The Z Problem:
At 4.23 and 4.26 GeV, we found evidence for the Zc(3900) and the Zc(4020),  
but at 4.42 GeV the Dalitz plots are generally more complex.

— ππJ/ψ shows a strange diagonal structure in the Dalitz plot (progress has been made!).
— ππψ(2S) shows a structure at 4040 (but we can’t easily fit it)??? 

⇒ Amplitude analyses at multiple energies would probe threshold behaviors.

Next Proposal:
Building on the ongoing 2017 scan, continue to scan from 4.31 to 4.41 GeV.
2017:  500pb−1 at 4.19, 4.20, 4.21, 4.22, 4.24, 4.25, 4.27, 4.28, 4.29, 4.30 GeV
NEXT:  500pb−1 at  4.31, 4.32, 4.33, 4.34, 4.35, 4.37, 4.38, 4.39, 4.40, 4.41 GeV
    (going to 4.41 GeV connects us to our large data set at 4.42 GeV)



Summary

• The BESIII XYZ program has been very successful.

• But there are problems remaining:

• The “Y problem” requires a systematic study of e+e− cross 
sections as a function of ECM.

• The “Z problem” requires amplitude analyses for multiple ECM 
and multiple channels (preferably simultaneous analyses).

• We propose to scan from 4.31 to 4.41 in 10 MeV steps, building 
on 2017’s scan from 4.19 to 4.30: 
 
   2017:  500pb−1 at 4.19, 4.20, 4.21, 4.22, 4.24, 4.25, 4.27, 4.28, 4.29, 4.30 GeV

NEXT:  500pb−1 at  4.31, 4.32, 4.33, 4.34, 4.35, 4.37, 4.38, 4.39, 4.40, 4.41 GeV  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