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BESIII Data Sets for XYZ PhysicsBESIII Data Sets for XYZ Physics

older data sets; newer data sets (2016/2017); proposed data sets

2017:

*  proposed 10 data sets, 
    each with 500 pb−1,
    between 4.19 and 4.30 GeV

*  finished 7.4 points

*  did not finish 4.28 (only 180 pb−1),
    4.29 or 4.30 GeV

*  focus was on the “Y(4260)” region



Current Data Sets / Next Proposal

�3

4 4.1 4.2 4.3 4.4 4.5 4.6

Center of Mass Energy (GeV)

210

310

)
-1

In
te

gr
at

ed
 L

um
in

os
ity

 (p
b

BESIII Data Sets for XYZ PhysicsBESIII Data Sets for XYZ Physics

older data sets; newer data sets (2016/2017); proposed data sets

2019:

*  propose 8 data sets, 
    each with 500 pb−1 (except 4.28 GeV),
    between 4.28 and 4.44 GeV

*  focus on the higher energy region

*  use 20 MeV spacing since structures
    seem wider

*  also fill in some holes at lower
    energy with 500 pb−1 at 
    4.13 and 4.16 GeV

⇒  this is an important complement
to the existing data sets!
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�4calculated 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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where M, Γtot and Γee are the mass, full width (constant) and electric width of resonance R, respective-4

ly; B(R → π0π0J/ψ) is the branching ratio for R → π0π0J/ψ, and PS (
√

s) =
∫ ∫

1
(2π)332(

√
s)3 dm2

12dm2
235

is the standard three-body decay (R → π0π0J/ψ) phase space factor [25]. Here, we put the numerical6

results of e phase space factor into the fit to reduce the fitting time.7

Figure 5(a) shows the fit results with three coherent Breit-Wigner functions. The width of the third8

resonance (R3) goes to quite narrow due to lack of data around 4.32 GeV region, which is unreliable.9

Thus, we try a fit with fixing the mass and width of the third Breit-Wigner to the value from e+e− →10

π+π−J/ψ [4] as shown in Fig. 5 (b). A χ2-test to the fit quality gives χ2/nd f = 18.25/17. The masse11

and width for the second resonance are measured to be M(R2) = (4221.8 ± 2.1) GeV/c2 and Γ(R2) =12

47.9 ± 3.6 GeV/c2, which is consistent with the fit results from e+e− → π+π−J/ψ [4].13

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

) (
pb

)
ψ

J/0 π0 π
→- e+

(e
σ

5
10
15
20
25
30
35
40
45

data
Fitting

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

) (
pb

)
ψ

J/0 π0 π
→- e+

(e
σ

5
10
15
20
25
30
35
40
45

data
Fitting

(b)

Figure 5: Fit to the measured e+e− → π0π0J/ψ cross section with three coherent Breit-Wigner functions,
(a) float and (b) fix the mass and width of BW(R3) . Dots with error bars are data, red solid curves are
the total fit results.

5.3.2 Fit with coherent exponential and two Breit-Wigner functions14

We also try to use an exponential function to describe the cross section near 4 GeV and add the exponen-15

tial function and two Breit-Wigner functions coherently, as below:16

σfit(
√

s) = |
√
σNY (

√
s) + BW2(s)eiφ1 + BW3(s)eiφ2 |2 (6)

TheσNY (
√

s) is simple chosen as an exponential function by BABAR, which can be written as below:17

18

σNY (
√

s) = PS (
√

s)e−p0(
√

s−Mthreshold) p1 (7)

where, p0, p1 are free parameters, and Mthreshold = 2mπ0 + mJ/ψ.19

Figure 6(a) shows the fit results with χ2/nd f = 15.88/16. There are four solutions with identical fit1

quality. All the parameters of these solutions are shown in Table 4. We observe two resonances R1 and2

R2 with masses and widths consistent with these observed in the fits to e+e− → π+π−J/ψ [4].3

preliminary π0π0J/ψ
(Peilian Li)
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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 πþ π− 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 eþ e−→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 eþ e− → 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 mπþ π− (a),(c) and mJ=ψπ! (b),(d) of the fit results with JP¼ 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 πþ π−S-wave J=ψ , f2ð1270ÞJ=ψ , and Z!

c π∓ are shown in the plots. The
πþ π−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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¼ 4.23 GeV (a),(b) andffiffiffi

s
p
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πþ π−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.

PRL 119, 072001 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

18 AUGUST 2017

072001-4

combined data within the Zc mass region mJ=ψπ! ∈
ð3.86; 3.92Þ GeV=c2, where θJ=ψ is the angle between
the momentum of J=ψ in the Zc rest frame and the Zc
momentum in the eþ e− rest frame. The fit results, using
different assumptions for the Zc spin and parity, are drawn
with a global normalization factor. The distribution indi-
cates that data favor a spin and parity assignment of 1þ for
the Z!

c . The significance of the Z!
c ð1þ Þ hypothesis is

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

c ðJP ≠ 1þ Þ state. Possible JP assignments,
other than 1þ , are 0−, 1−, 2−, and 2þ . The changes
−2Δ lnL when the Zcð1þ Þπ∓ amplitude is removed from
the alternative hypothesis are listed in Table I. Using the
associated change in the ndf when the Z!

c ð1þ Þ is excluded,
we determine the significance of the 1þ hypothesis over the
alternative JP possibilities to be larger than 7σ.
The fit results shown in Fig. 1 indicate that process is

dominated by the ππ S-wave resonances, i.e., the σ,
f0ð980Þ, and f0ð1370Þ. The fraction of all πþ π− S-wave

components including the interference between them is
measured to be ð61.7! 2.1statÞ% of the total πþ π−J=ψ
events at

ffiffiffi
s

p
¼ 4.23 GeV and ð71.4! 4.1statÞ% at

ffiffiffi
s

p
¼

4.26 GeV. The signal yields NZ!
c
of Z!

c are calculated by
scaling its partial signal ratio with the total number of signal
events. They are measured to be NZ!

c
¼ 952.3! 39.3stat atffiffiffi

s
p

¼ 4.23 GeV and 343.3! 23.3stat at
ffiffiffi
s

p
¼ 4.26 GeV.

Here, the errors are statistical only, and they are estimated
using the covariance matrix from the fits.
To measure amplitudes associated with the polarization

of Z!
c in eþ e− → Z!

c π∓ and that of J=ψ in Z!
c →

J=ψπ! decays in the nominal fit, the ratios of helicity
amplitudes with different polarizations as defined in Eq. (1)
are calculated to be jF Zc

1;0j2=jF
Zc
0;0j2 ¼ 0.22! 0.05stat at

4.23 GeV and 0.21! 0.11stat at 4.26 GeV for eþ e− →
Z!
c π∓, and jF

ψ
1;0j2=jF

ψ
0;0j2¼ 0.45!0.15stat for Z!

c →J=ψπ!,

at both energy points. Here F Zc=ψ
1;0 and F Zc=ψ

0;0 correspond to
transverse and longitudinal polarization amplitudes in the
decay, respectively. The results show that the Zc polariza-
tion is dominated by the longitudinal component.
The Born cross section for Zc production is measured

with the relation σ ¼ NZ!
c
=½Lð1 þ δÞϵB', where NZ!

c
is

the signal yield for the process eþ e− → Zþ
c π− þ c:c: →

πþ π−J=ψ , L is the integrated luminosity, and ϵ is the
detection efficiency obtained from a Monte Carlo (MC)
simulation which is generated using the amplitude param-
eters determined in the PWA. The radiative correction
factor (1 þ δ) is determined to be 0.818 [1]. The Born
cross section is measured to be ð22.0! 1.0statÞ pb at

ffiffiffi
s

p
¼

4.23 GeV and ð11.0! 1.2statÞ pb at
ffiffiffi
s

p
¼ 4.26 GeV.

Using these two data sets, we also search for the
process eþ e− → Zcð4020Þþ π− þ c:c: → πþ π−J=ψ , with
the Zcð4020Þ! assumed to be a 1þ state. In the PWA,
its mass is taken from Ref. [12], and its width is taken as the
observed value, which includes the detector resolution. The
statistical significance for Zcð4020Þ! → J=ψπ! is found to
be 3σ in the combined data. The Born cross sections
are measured to be ð0.2! 0.1statÞ pb at 4.23 GeV and
ð0.8! 0.4statÞ pb at s ¼ 4.26 GeV, and the corresponding
upper limits at the 90% confidence level are estimated to be
0.9 and 1.4 pb, respectively.
Systematic errors associated with the event selection,

including the luminosity measurement, tracking efficiency
of charged tracks, kinematic fit, initial state radiation
correction factor, and the branching fraction of
BrðJ=ψ → lþ l−Þ, have been estimated to be 4.8% for
the cross section measurement and 1.8 MeV for the Zc
mass in the previous analysis [1].
Uncertainties associated with the amplitude analysis

come from the σ and Zc parametrizations, the background
estimation, the parameters in the f0ð980Þ Flatté formula,
the barrier radius in the barrier factor, the mass resolution,
and the component of nonresonant amplitude.

TABLE I. Significance of the spin parity 1þ over other quantum
numbers for Z!

c . The significance is obtained for given change in
ndf, ΔðndfÞ. In each case, ΔðndfÞ ¼ 2 × 4 þ 5, where 2 × 4 ndf
account for the coupling strength for eþ e− → Z!

c π∓ at the two
data sets and the additional five ndf are the contribution of the
common degrees of freedom for the Zc resonant parameters and
the coupling strength for Z!

c → J=ψπ!.

Hypothesis Δð−2 lnLÞ ΔðndfÞ Significance

1þ over 0− 94.0 13 7.6σ
1þ over 1− 158.3 13 10.8σ
1þ over 2− 151.9 13 10.5σ
1þ over 2þ 96.0 13 7.7σ

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

eþ e− → Zþ
c π− þ c:c.; (b) helicity angle distribution of J=ψ in

the Z!
c → π!J=ψ . The dots with error bars show the combined

data with the requirement mJ=ψπ! ∈ ð3.86; 3.92Þ GeV=c2 and
compared to the total fit results with different JP hypotheses.
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e+e� ! ⇡±(⇡⌥J/ )
[PRL 119, 072001 (2017) (Aug. 16)]

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

M = (3881.2± 4.2± 52.7) MeV/c2;
� = (51.8± 4.6± 36.0) MeV/c2;

JP = 1+
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TABLE IV. Masses and widths of the vector charmonium states observed from different processes at BESIII in the mass region
between 4.2 and 4.4 GeV/c2. The subscript 1 or 2 denotes the lower mass state or higher mass state.

Process M1 (MeV/c2) Γ1 (MeV) M2 (MeV/c2) Γ2 (MeV)
e+e− → ωχc0 4230± 8± 6 38± 12± 2 [37]

e+e− → π+π−J/ψ 4220.0± 3.1± 1.4 44.1± 4.3± 2.0 4320.0± 10.4± 7.0 101.4+25.3
−19.7 ± 10.2[9]

e+e− → π+π−hc 4218.4+5.5
−4.5 ± 0.9 66.0+12.3

−8.3 ± 0.4 4391.5+6.3
−6.8 ± 1.0 139.5+16.2

−20.6 ± 0.6 [10]
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FIG. 3. Dalitz plots of M2(π±ψ(3686)) versus M2(π+π−), distributions of M2(π±ψ(3686)) (two entries per
event), and M2(π+π−) for data at

√
s = 4.416, 4.358, 4.258 and 4.226 GeV, with integrated luminosities of 1074,

540, 826 and 1092 pb−1, respectively. Dots with errors are data. For the plots at
√
s = 4.416, 4.358 and 4.258 GeV,

the solid curves (red) are projections from the fit; the dashed curves (pink) show the shape of the intermediate
state; the dash-dotted curves (blue) show the shape from the direct process e+e− → π+π−ψ(3686) obtained
from the Jpipi MC model; the shaded histograms (green) show the non-ψ(3686) background estimated with the
ψ(3686) sideband. For plots at

√
s = 4.226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes

from the intermediate state and the direct process e+e− → π+π−ψ(3686) (with arbitrary scale). In all plots, the
two ψ(3686) decay modes are combined.
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FIG. 3. Dalitz plots of M2(π±ψ(3686)) versus M2(π+π−), distributions of M2(π±ψ(3686)) (two entries per
event), and M2(π+π−) for data at

√
s = 4.416, 4.358, 4.258 and 4.226 GeV, with integrated luminosities of 1074,

540, 826 and 1092 pb−1, respectively. Dots with errors are data. For the plots at
√
s = 4.416, 4.358 and 4.258 GeV,

the solid curves (red) are projections from the fit; the dashed curves (pink) show the shape of the intermediate
state; the dash-dotted curves (blue) show the shape from the direct process e+e− → π+π−ψ(3686) obtained
from the Jpipi MC model; the shaded histograms (green) show the non-ψ(3686) background estimated with the
ψ(3686) sideband. For plots at

√
s = 4.226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes

from the intermediate state and the direct process e+e− → π+π−ψ(3686) (with arbitrary scale). In all plots, the
two ψ(3686) decay modes are combined.
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FIG. 3. Dalitz plots of M2(π±ψ(3686)) versus M2(π+π−), distributions of M2(π±ψ(3686)) (two entries per
event), and M2(π+π−) for data at

√
s = 4.416, 4.358, 4.258 and 4.226 GeV, with integrated luminosities of 1074,

540, 826 and 1092 pb−1, respectively. Dots with errors are data. For the plots at
√
s = 4.416, 4.358 and 4.258 GeV,

the solid curves (red) are projections from the fit; the dashed curves (pink) show the shape of the intermediate
state; the dash-dotted curves (blue) show the shape from the direct process e+e− → π+π−ψ(3686) obtained
from the Jpipi MC model; the shaded histograms (green) show the non-ψ(3686) background estimated with the
ψ(3686) sideband. For plots at

√
s = 4.226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes

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

8

TABLE IV. Masses and widths of the vector charmonium states observed from different processes at BESIII in the mass region
between 4.2 and 4.4 GeV/c2. The subscript 1 or 2 denotes the lower mass state or higher mass state.

Process M1 (MeV/c2) Γ1 (MeV) M2 (MeV/c2) Γ2 (MeV)
e+e− → ωχc0 4230± 8± 6 38± 12± 2 [37]

e+e− → π+π−J/ψ 4220.0± 3.1± 1.4 44.1± 4.3± 2.0 4320.0± 10.4± 7.0 101.4+25.3
−19.7 ± 10.2[9]

e+e− → π+π−hc 4218.4+5.5
−4.5 ± 0.9 66.0+12.3

−8.3 ± 0.4 4391.5+6.3
−6.8 ± 1.0 139.5+16.2

−20.6 ± 0.6 [10]
e+e− → π+D0D∗− + c.c 4224.8± 5.6± 4.0 72.3± 9.1± 0.9 4400.1± 9.3± 2.1 181.7± 16.9± 7.4 [38]
e+e− → π+π−ψ(3686) 4209.5± 7.4± 1.4 80.1± 24.6± 2.9 4383.8± 4.2± 0.8 84.2± 12.5± 2.1

2)2) (GeV/c±π(3686)ψ(2M
15 16 17 18

2 )
2

) 
(G

e
V

/c
-
π

+
π(

2
M

0.0

0.2

0.4

0.6

0

5

10

15

20√
s = 4.416 GeV

2)2(3686))(GeV/cψ±π(2M
15 16 17 18

)
2 )

2
E

v
e
n
ts

 /
 (

0
.1

 (
G

e
V

/c

0

50

100

150

2)2(3686))(GeV/cψ±π(2M
15 16 17 18

)
2 )

2
E

v
e
n
ts

 /
 (

0
.1

 (
G

e
V

/c

0

50

100

150

2)2)(GeV/c-π+π(2M
0.1 0.2 0.3 0.4 0.5

)
2 )

2
E

v
e
n
ts

 /
 (

0
.0

2
 (

G
e
V

/c

0

20

40

60

2)2)(GeV/c-π+π(2M
0.1 0.2 0.3 0.4 0.5

)
2 )

2
E

v
e
n
ts

 /
 (

0
.0

2
 (

G
e
V

/c

0

20

40

60

2)2) (GeV/c±π(3686)ψ(2M
15 16 17

2 )
2

) 
(G

e
V

/c
-
π

+
π(

2
M

0.0

0.1

0.2

0.3

0.4

0.5

0

2

4

6

8

10

12√
s = 4.358 GeV

2)2(3686))(GeV/cψ±π(2M
15 16 17

)
2 )

2
E

v
e
n
ts

 /
 (

0
.1

 (
G

e
V

/c

0

20

40

60

80

2)2)(GeV/c-π+π(2M
0.1 0.2 0.3 0.4

)
2 )

2
E

v
e
n
ts

 /
 (

0
.0

1
 (

G
e
V

/c

0

20

40

60

2)2) (GeV/c±π(3686)ψ(2M
15.0 15.5 16.0 16.5 17.0

2 )
2

) 
(G

e
V

/c
-
π

+
π(

2
M

0.0

0.1

0.2

0.3

0.4

0

2

4

6

8
√
s = 4.258 GeV

2)2(3686))(GeV/cψ±π(2M
15.0 15.5 16.0 16.5

)
2 )

2
E

v
e
n
ts

 /
 (

0
.1

 (
G

e
V

/c

0

20

40

60

2)2)(GeV/c-π+π(2M
0.10 0.15 0.20 0.25 0.30

)
2 )

2
E

v
e
n
ts

 /
 (

0
.0

1
 (

G
e
V

/c

0

10

20

30

2)2) (GeV/c±π(3686)ψ(2M
15.0 15.5 16.0 16.5

2 )
2

) 
(G

e
V

/c
-
π

+
π(

2
M

0.0

0.1

0.2

0.3

0

2

4

6

8

10√
s = 4.226 GeV

2)2(3686))(GeV/cψ±π(2M
15.0 15.5 16.0 16.5

)
2 )

2
E

v
e
n
ts

 /
 (

0
.1

 (
G

e
V

/c

0

20

40

60

80

2)2)(GeV/c-π+π(2M
0.10 0.15 0.20 0.25 0.30

)
2 )

2
E

v
e
n
ts

 /
 (

0
.0

1
 (

G
e
V

/c

0

10

20

30

40

FIG. 3. Dalitz plots of M2(π±ψ(3686)) versus M2(π+π−), distributions of M2(π±ψ(3686)) (two entries per
event), and M2(π+π−) for data at

√
s = 4.416, 4.358, 4.258 and 4.226 GeV, with integrated luminosities of 1074,

540, 826 and 1092 pb−1, respectively. Dots with errors are data. For the plots at
√
s = 4.416, 4.358 and 4.258 GeV,

the solid curves (red) are projections from the fit; the dashed curves (pink) show the shape of the intermediate
state; the dash-dotted curves (blue) show the shape from the direct process e+e− → π+π−ψ(3686) obtained
from the Jpipi MC model; the shaded histograms (green) show the non-ψ(3686) background estimated with the
ψ(3686) sideband. For plots at

√
s = 4.226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes

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

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

M = (4032.1± 2.4) MeV/c2;
� = (26.1± 5.3) MeV/c2

e+e� ! ⇡+⇡� (2S)
[PRD 96, 032004 (2017)]
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spectrum have kinematic reflections at each other’s mass
positions. For data at

√
s = 4.226 GeV, no structure is

clearly seen, which is very different from the behavior at
the energy point close by,

√
s = 4.258 GeV. A further

striking feature for data at
√
s = 4.226 GeV is a very

different M(π+π−) distribution from those at the other
three energy points.

To characterize the structure observed on the
M(π±ψ(3686)) spectrum for data at

√
s = 4.416 GeV,

an unbinned maximum likelihood fit is carried out on the
Dalitz plot of M2(π+ψ(3686)) versus M2(π−ψ(3686))
(denoted as x and y in formula 4). Assuming an in-
termediate state with spin parity 1+, the Dalitz plot is
parameterized by the coherent sum of the process with
an intermediate state and the direct process e+e− →
π+π−ψ(3686). The PDF of the intermediate state is
described with an S-wave Breit-Wigner function with-
out considering interference among the charged conjugate
modes,

p · q/c2

(M2
R − x)2 +M2

R · Γ2/c4
+

p · q/c2

(M2
R − y)2 +M2

R · Γ2/c4
,

(4)
where p (q) is the ψ(3686) (intermediate state) momen-
tum in the π±ψ(3686) (initial e+e−) rest frame, and MR

and Γ are the mass and width of the intermediate state.
The 2-dimensional mass resolution and the detection effi-
ciency, determined from MC simulations, are incorporat-
ed in the PDF for the intermediate states in the fit. The
PDF of the direct process e+e− → π+π−ψ(3686) is taken
from a MC-simulated shape using the Jpipi model, and
that of the non-ψ(3686) background is described with the
distribution of events in the ψ(3686) sideband region. A
simultaneous fit constraining the mass and width of the
intermediate state is carried out by maximize the product
of the likelihood values of the two ψ(3686) decay modes.
The fit process is validated using MC samples. The dis-
tributions of mass resolution and detection efficiency are
provided in the appendix.

The fit yields a mass of M = 4032.1 ± 2.4 MeV/c2

and a width of Γ = 26.1± 5.3 MeV for the intermediate
state with a significance of 9.2σ, evaluated by comparing
the likelihood values with or without the intermediate
states included. The fit projections on M2(π±ψ(3686))
and M2(π+π−) for data at

√
s = 4.416 GeV are shown

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

A similar fit to data with the additional requirement
M2(π+π−) > 0.3 (GeV/c2)2 is performed, which yields
a mass of M = 4030.3 ± 0.1 MeV/c2 and a width of
Γ = 5.1± 0.2 MeV. The corresponding projection of the
fit and data on the M2(π±ψ(3686)) distribution is shown
in Fig. 4, and the fit C.L. is 50%.
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FIG. 4. Projection of M2(π±ψ(3686)) at
√
s = 4.416 GeV

with a requirement of M2(π+π−) > 0.3 (GeV/c2)2.

Similar fits are carried out to data at
√
s = 4.358

and 4.258 GeV, where the parameters of the interme-
diate state are fixed to those from the fit to data at√
s = 4.416 GeV. The projections on M2(π±ψ(3686))

and M2(π+π−) are also shown in Fig. 3. The statistical
significance of the intermediate state is 3.6σ and 9.6σ for
data at

√
s = 4.358 and 4.258 GeV, respectively. For

data at
√
s = 4.358 GeV, as shown in the Dalitz plot,

a cluster of events appears in the M2(π±ψ(3686)) spec-
trum at low M2(π+π−), which also shows a hint of an
intermediate structure. As mentioned previously, for da-
ta at

√
s = 4.258 GeV, the structures with masses of

3900 and 4030 MeV/c2 on the M(π±ψ(3686)) spectrum
are kinematic reflections of each other, so the fit results
are strongly dependent on whether the Zc(3900)± is in-
cluded in the fit or not. For data at

√
s = 4.226 GeV,

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

√
s = 4.387 and 4.600 GeV, the Dalitz plots

and the distribution of M2(π±ψ(3686)) and M2(π+π−)
are shown in Fig. 5.

VII. SUMMARY

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

For M2(⇡+⇡�) > 0.3 GeV2/c4:
M = (4030.3± 0.1) MeV/c2;

� = (5.1± 0.2) MeV/c2

e+e� ! ⇡+⇡� (2S)
[PRD 96, 032004 (2017)]
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TABLE IV. Masses and widths of the vector charmonium states observed from different processes at BESIII in the mass region
between 4.2 and 4.4 GeV/c2. The subscript 1 or 2 denotes the lower mass state or higher mass state.

Process M1 (MeV/c2) Γ1 (MeV) M2 (MeV/c2) Γ2 (MeV)
e+e− → ωχc0 4230± 8± 6 38± 12± 2 [37]

e+e− → π+π−J/ψ 4220.0± 3.1± 1.4 44.1± 4.3± 2.0 4320.0± 10.4± 7.0 101.4+25.3
−19.7 ± 10.2[9]

e+e− → π+π−hc 4218.4+5.5
−4.5 ± 0.9 66.0+12.3

−8.3 ± 0.4 4391.5+6.3
−6.8 ± 1.0 139.5+16.2

−20.6 ± 0.6 [10]
e+e− → π+D0D∗− + c.c 4224.8± 5.6± 4.0 72.3± 9.1± 0.9 4400.1± 9.3± 2.1 181.7± 16.9± 7.4 [38]
e+e− → π+π−ψ(3686) 4209.5± 7.4± 1.4 80.1± 24.6± 2.9 4383.8± 4.2± 0.8 84.2± 12.5± 2.1
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FIG. 3. Dalitz plots of M2(π±ψ(3686)) versus M2(π+π−), distributions of M2(π±ψ(3686)) (two entries per
event), and M2(π+π−) for data at

√
s = 4.416, 4.358, 4.258 and 4.226 GeV, with integrated luminosities of 1074,

540, 826 and 1092 pb−1, respectively. Dots with errors are data. For the plots at
√
s = 4.416, 4.358 and 4.258 GeV,

the solid curves (red) are projections from the fit; the dashed curves (pink) show the shape of the intermediate
state; the dash-dotted curves (blue) show the shape from the direct process e+e− → π+π−ψ(3686) obtained
from the Jpipi MC model; the shaded histograms (green) show the non-ψ(3686) background estimated with the
ψ(3686) sideband. For plots at

√
s = 4.226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes

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

Selection of Results (for reference)

(also unsuccessful attempts to fit ππJ/ψ at 4420)
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BESIII Data Sets for XYZ PhysicsBESIII Data Sets for XYZ Physics

older data sets; newer data sets (2016/2017); proposed data sets

* carefully consider thresholds and
adjust points accordingly

* consider the future of Belle II  
(next slide).

* unique BESIII contributions:
          — detailed amplitude analysis
          — no integration over bins
          — ECM resolution
          — complicated final states
          — can build a global picture
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very large ISR data sets
but:
  — worse efficiency for most final states
  — much much worse efficiency for many final states
  — difficult amplitude analyses

also very large B samples
probably will lead to important XYZ discoveries
      ⇒ interest in XYZ physics will remain high


