
      Ryan Mitchell (Indiana University)   —   Spectroscopy at the BESIII Experiment 1

BEPCII: Beijing Electron Positron Collider
symmetric collisions at ECM between 2.0 and 4.7 GeVe+e−

BESIII:  Beijing Spectrometer
a versatile detector covering 93% of 4π

running since 2009 at the Institute of High Energy Physics in Beijing, China

Spectroscopy at the BESIII Experiment
Ryan Mitchell

Indiana University



      Ryan Mitchell (Indiana University)   —   Spectroscopy at the BESIII Experiment 2

BEPCII: Beijing Electron Positron Collider
symmetric collisions at ECM between 2.0 and 4.7 GeVe+e−

BESIII:  Beijing Spectrometer
a versatile detector covering 93% of 4π

running since 2009 at the Institute of High Energy Physics in Beijing, China

Spectroscopy at the BESIII Experiment
Ryan Mitchell

Indiana University

13$

Study$Y(4260)$at$BESIII$
•  Dec, 2012 to Jan, 2013, BESIII accumulate 525 pb-1 data 

@ 4.26 GeV, world’s largest data set! 
•  Study e+e-!π+π�J/ψ exclusive process.�

π+π�+++�� π+π�µ+µ��

1.  Very simple and straightforward analysis. 
2.  The produced vector charmonium(like) state almost in rest frame. 
3.  Y(4260)!π+π�J/ψ, four charged track detected. 

e+e� ! ⇡+⇡�J/ ; J/ ! µ+µ�
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The processes Xð3872Þ → D#0D̄0 þ c:c:; γJ=ψ ; γψð2SÞ, and γDþD− are searched for in a 9.0 fb−1 data
sample collected at center-of-mass energies between 4.178 and 4.278 GeV with the BESIII detector. We
observe Xð3872Þ → D#0D̄0 þ c:c: and find evidence for Xð3872Þ → γJ=ψ with statistical significances of
7.4σ and 3.5σ, respectively. No evident signals for Xð3872Þ → γψð2SÞ and γDþD− are found, and the
upper limit on the relative branching ratio Rγψ ≡ fB½Xð3872Þ → γψð2SÞ&g=fB½Xð3872Þ → γJ=ψ &g <
0.59 is set at 90% confidence level. Measurements of branching ratios relative to decay Xð3872Þ →
πþπ−J=ψ are also reported for decays Xð3872Þ → D#0D̄0 þ c:c:; γψð2SÞ; γJ=ψ , and γDþD−, as well as the
non-D#0D̄0 three-body decays π0D0D̄0 and γD0D̄0.

DOI: 10.1103/PhysRevLett.124.242001

Since the discovery of the Xð3872Þ in 2003 [1] by the
Belle Collaboration, many properties of this exotic state
have been reported, including its mass, an upper limit (UL)
on its width, and its JPC quantum numbers [2,3]. The ratio
of the branching fraction (BF) of Xð3872Þ → γψ 0 [in this
Letter we use the notation ψ 0 to denote the ψð2SÞ
resonance] to Xð3872Þ → γJ=ψ , Rγψ ≡ fB½Xð3872Þ →
γψ 0&g=fB½Xð3872Þ → γJ=ψ &g, is predicted to be in the
range ð3–4Þ × 10−3 if the Xð3872Þ is a D#0D̄0 molecule
[4,5], 0.5–5 if it is a molecule-charmonium mixture [6], and
1.2–15 if it is a pure charmonium state [7–13]. LHCb
reported a 4.4σ evidence for the decay Xð3872Þ → γψ 0 with

Rγψ ¼ 2.46( 0.64( 0.29 [14], which is in good agree-
ment with the BABAR result Rγψ ¼ 3.4( 1.4 [15]. On the
other hand, the Belle Collaboration reports an upper limit of
Rγψ < 2.1 at the 90% confidence level (C.L.) [16]. Xð3872Þ
is produced at BESIII via the radiative decay from the
Yð4260Þ state [17,18] with a background level lower than at
other experiments. This makes BESIII particularly well
suited for studies of Xð3872Þ decays to final states
containing photons and π0 mesons.
With BESIII we cannot measure absolute BFs of

Xð3872Þ decays since the cross section of eþe− →
γXð3872Þ is unknown. Instead, we determine their ratios
to the πþπ−J=ψ mode. As discussed in Ref. [4], the BF
ratio of fB½Xð3872Þ → D#0D̄0 þ c:c:&g=fB½Xð3872Þ →
πþπ−J=ψ &g can be reliably calculated if the Xð3872Þ is
a weakly bound molecule, in which case the ratio is
predicted to be around 0.08 for a binding energy of
0.7 MeV. Additionally, the decay width to γDþD− is
predicted to be 0.2 keV for the molecular case.
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BESIII Data Sets (primary):
(e+e− collisions at ECM between 2.0 and 4.7 GeV)

2009:  106M  
    225M  

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

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

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

2014:  1029 pb−1 at  4.42 GeV
   110 pb−1 at  4.47 GeV
   110 pb−1 at  4.53 GeV
    48 pb−1 at  4.575 GeV
    567 pb−1 at  4.6 GeV

0.8 fb−1 R-scan  3.85 — 4.59 GeV
2015:  R-scan 2 — 3 GeV + 2.175 GeV
2016:  ~3fb−1 at 4.18 GeV (for Ds) 
2017:  7 × 500 pb−1 scan  4.19 — 4.27 GeV
2018:  more  (and tuning new RF cavity)
2019:  10B (total) 
          8  500 pb  scan 4.13, 4.16, 4.29 — 4.44 GeV
2020:  5  500 pb  scan 4.63 — 4.70 GeV (+ extra)
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Primary Data Sets at BESIII
Charmonium Spectrum

predictions based on PRD 72, 054026 (2005)
measurements from PDG
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Many topics!
    spectroscopy 
      (light and heavy),
    flavor physics,
    new physics,
    R scans,  
     physics,  etc.τ
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Charmonium Spectrum
predictions based on PRD 72, 054026 (2005)

measurements from PDG
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Primary Data Sets at BESIII

Primary Data for Spectroscopy:

Light Quark Spectroscopy

10 billion 

Precision Charmonium Physics

450 million 

Charmonium (XYZ) Spectroscopy

 pb  at 27 points 
between 4.0 and 4.7 GeV  

J/ψ

ψ(2S)

≥ 500 −1
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Light Quark Spectroscopy

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

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

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

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

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

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

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

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

We examined the possibility that the X"1835# is respon-
sible for the p #p mass threshold enhancement observed in
radiative J= ! %p #p decays [1]. It has been pointed out
that the S-wave BW function used for the fit in Ref. [1]
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FIG. 3. The $&$%#0 invariant-mass distribution for selected
events from both the J= ! %$&$%#0"#0 ! $&$%#;#!
%%# and J= ! %$&$%#0"#0 ! %&# analyses. The bottom
panel shows the fit (solid curve) to the data (points with error
bars); the dashed curve indicates the background function.
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From BESII (with 58M  decays)…J/ψ

And now to 10B  decays!  A “legacy” data set.J/ψ

X(1835)

η0πþπ− invariant mass distribution. For the J=ψ →
π0η0πþπ− background, we use a one-dimensional data-
driven method that first selects J=ψ → π0η0πþπ− events
from the data to determine the shape of their contribution to
the selected η0πþπ− mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=ψ →
γη0πþπ− and J=ψ → π0η0πþπ− events; the total weight
after reweighting is the estimated number of J=ψ →
π0η0πþπ− background events. Our studies of background
processes show that neither the four peaks mentioned above
nor the abrupt change in the line shape at 2mp is caused by
background processes.
We perform simultaneous fits to the η0πþπ− invariant

mass distributions between 1.3 and 2.25 GeV=c2 for both
selected event samples with the f1ð1510Þ, Xð1835Þ, and
Xð2120Þ peaks represented by three efficiency-corrected
Breit-Wigner functions convolved with a Gaussian function
to account for the mass resolution, where the Breit-Wigner
masses and widths are free parameters. The nonresonant
η0πþπ− contribution is obtained from Monte Carlo simu-
lation; the non-η0 and J=ψ → π0η0πþπ− background con-
tributions are obtained as discussed above. For resonances
and the nonresonant η0πþπ− contribution, the phase space
for J=ψ → γη0πþπ− is considered: according to the JP of
f1ð1510Þ and Xð1835Þ, J=ψ → γf1ð1510Þ and J=ψ →
γXð1835Þ are S-wave and P-wave processes, respectively;
all other processes are assumed to be S-wave processes.
Without explicit mention, all components are treated as
incoherent contributions. In the simultaneous fits, the
masses and widths of resonances, as well as the branching
fraction for J=ψ radiative decays to η0πþπ− final states
(including resonances and nonresonant η0πþπ−) are con-
strained to be the same for both η0 decay channels. The fit
results are shown in Fig. 2, where it is evident that using a
simple Breit-Wigner function to describe the Xð1835Þ line

shape fails near the pp̄ mass threshold. The logL (L is the
combined likelihood of simultaneous fits) of this fit is
630 503.3. Typically, there are two circumstances where an
abrupt distortion of a resonance’s line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The η0πþπ− invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the η0 → γπþπ− channel, and that on the right shows the spectrum for the η0 → ηð→ γγÞπþπ− channel. In both plots, the dots
with error bars are data, the shaded histograms are the background, the solid histograms are phase space (PHSP) MC events of
J=ψ → γη0πþπ− (arbitrary normalization), and the dotted vertical line shows the position of the pp̄ mass threshold.
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FIG. 2. Fit results with simple Breit-Wigner formulas. The
dashed dotted vertical line shows the position of the pp̄
mass threshold, the dots with error bars are data, the solid
curves are total fit results, the dashed curves are the Xð1835Þ,
the short-dashed curves are the f1ð1510Þ, the dash-dot curves
are the Xð2120Þ, and the long-dashed curves are the
nonresonant η0πþπ− fit results; the shaded histograms are
background events. The inset shows the data and the
global fit between 1.8 and 1.95 GeV=c2.
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To BESIII (with 1.1B  decays)…J/ψ

f1(1510)

X(1835)?
X(2120)? X(2370)?

X(??)

ηc(1S )

Hundreds of light quark channels are produced in  hadronic and radiative decays.J/ψ
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Precision Charmonium Physics
Charmonium Spectrum

predictions based on PRD 72, 054026 (2005)
measurements from PDG
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similar way as the inclusive photon background distribution
but using the exclusive event selection on the ψð3686ÞMC
event sample.
Shown in Fig. 6 is the simultaneous fit of data for the

region 0.08 < Eγ < 0.5 GeV for the inclusive photon
energy distribution and the region 0.08 < Eγ < 0.35 GeV

for the exclusive photon energy distribution. The fit to the
inclusive photon energy distribution and the corresponding
pull distribution are shown in the top set of plots. The bottom
set of plots are those for the exclusive photon energy
distribution. The pull distributions are reasonable, except
in the vicinity of the ψð3686Þ → γχc1 and γχc2 peaks. The
chi squares per degree of freedom (ndf) are 3.5 and 2.7 for
the inclusive and exclusive distribution fits, respectively.
The chi square is determined using χ2 ¼ Σiððni − nfi Þ=σiÞ2,
whereni,n

f
i , and σi are the number of data events in bin i, the

result of the fit at bin i, and the statistical uncertainty of ni,
respectively, and the sum is over all histogram bins.
A fit is also done to the MC inclusive energy distribution.

The MC shapes are used without convolved asymmetric
Gaussians for the ψð3686Þ → γχcJ peaks. Since only MC
shapes are used, it is not useful to do a simultaneous fit as there
are no common parameters to be determined in such a fit. The
fit matches the inclusive photon energy distribution almost
perfectlywith a chi square close to zero.This is not unexpected
since the signal and background shapes come from the MC
and when combined reconstruct the MC distribution.

VII. BRANCHING FRACTION DETERMINATIONS

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

Bðψð3686Þ → γχcJÞ ¼
Nψð3686Þ→γχcJ

ϵψð3686Þ→γχcJ × Nψð3686Þ
; ð1Þ

where Bðψð3686Þ → γχcJÞ is the branching fraction of
ψð3686Þ → γχcJ, Nψð3686Þ→γχcJ is the number of events in
data from the fit, ϵψð3686Þ→γχcJ is the efficiency determined
from MC, and Nψð3686Þ is the number of ψð3686Þ events
[17]. The product branching fraction for ψð3686Þ →
γχcJ; χcJ → γJ=ψ is given by

Bðψð3686Þ → γχcJÞ × BðχcJ → γJ=ψÞ

¼
NχcJ→γJ=ψ

ϵχcJ→γJ=ψ × Nψð3686Þ
; ð2Þ
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FIG. 6. Simultaneous fits to the photon energy distributions of
data. (Top set) Inclusive distribution fit and corresponding pulls,
and (bottom set) exclusive distribution fit and pull distribution.
Peaks from left to right in the top set are ψð3686Þ → γχc2, γχc1,
and γχc0 and χc1 and χc2 → γJ=ψ . The χc0 → γJ=ψ peak is not
visible. The smooth curves in the two plots are the fit results. The
dashed-dotted and dashed curves in the top plot are the back-
ground distribution from the inclusive ψð3686Þ MC with radi-
ative photons removed and the total background, respectively.
The background in the exclusive fit plot is not visible.

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

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

Bðψð3686Þ → γχc0Þ 4.6871$ 0.0068 0.4692 9.389$ 0.014
Bðψð3686Þ → γχc1Þ 4.9957$ 0.0054 0.4740 9.905$ 0.011
Bðψð3686Þ → γχc2Þ 4.2021$ 0.0055 0.4104 9.621$ 0.013

Bðψð3686Þ → γχc0Þ × Bðχc0 → γJ=ψÞ 0.0123$ 0.0081 0.4920 0.024$ 0.015
Bðψð3686Þ → γχc1Þ × Bðχc1 → γJ=ψÞ 1.8881$ 0.0053 0.5155 3.442$ 0.010
Bðψð3686Þ → γχc2Þ × Bðχc2 → γJ=ψÞ 0.9828$ 0.0041 0.5150 1.793$ 0.008

Bðχc0 → γJ=ψÞ 0.25$ 0.16
Bðχc1 → γJ=ψÞ 34.75$ 0.11
Bðχc2 → γJ=ψÞ 18.64$ 0.08

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

032001-9

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

(using 106M  decays)ψ (2S)

Expect 3-5B  decays within the next several years.ψ(2S)

precision transitions (radiative and hadronic),
precision decays, rare decays

 tests of effective field theories (like NRQCD), etc.→

The  provides easy access to the , , 
, and  charmonium states.

ψ(2S) ηc(1S,2S) J/ψ
hc(1P) χcJ(1P)

χc2 χc1

χc0

J/ψ
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Charmonium Spectroscopy:  Y States

⇡+⇡�

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

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

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

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

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

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

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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  [GeV]M(π+π−J/ψ)

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

ffiffiffi
s

p
-dependent

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

ffiffiffi
s

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

σð
ffiffiffi
s

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

procedure needs to be iterated, and the final results are
obtained when the iteration converges. Figure 1 shows the
measured cross section σð

ffiffiffi
s

p
Þ from both the XYZ data and

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

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

ffiffiffi
s

p
Þ of the XYZ data with Gaussian uncertainties and the

scan data with Poisson uncertainties. The PDF is para-
meterized as the coherent sum of three Breit-Wigner
functions, together with an incoherent ψð3770Þ component
which accounts for the decay of ψð3770Þ → πþπ−J=ψ ,
with ψð3770Þ mass and width fixed to PDG [8] values.
Because of the lack of data near the ψð3770Þ resonance, it
is impossible to determine the relative phase between the
ψð3770Þ amplitude and the other amplitudes. The ampli-
tude to describe a resonance R is written as

Að
ffiffiffi
s

p
Þ ¼ Mffiffiffi

s
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeþe−ΓtotBR

p

s −M2 þ iMΓtot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

ΦðMÞ

s

eiϕ; ð2Þ

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

ffiffiffi
s

p
Þ is

the phase space factor of the three-body decay R →
πþπ−J=ψ [8]; and ϕ is the phase of the amplitude. The
fit has four solutions with equally good fit quality [34] and
identical masses and widths of the resonances (listed in
Table I), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
Table II). Figure 1 shows the fit results. The resonance R1

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

The resonance R2 has a mass 4222.0% 3.1 MeV=c2, which
agrees with the average mass, 4251% 9 MeV=c2 [8], of the
Yð4260Þ peak [1–5] within 3.0σ. However, its measured
width is much narrower than the average width, 120%
12 MeV [8], of the Yð4260Þ. We also observe a new
resonance R3. The statistical significance of R3 is estimated
to be 7.9σ (including systematic uncertainties) by compar-
ing the change of Δð−2 lnLÞ ¼ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom Δn:d:f: ¼ 4 into account. The fit quality
is estimated using a χ2-test method, with χ2=n:d:f: ¼
93.6=110. Fit models taken from previous experiments
[1–5] are also investigated and are ruled out with a
confidence level equivalent to more than 5.4σ.
As an alternative description of the data, we use an

exponential [35] to model the cross section near 4 GeVas in
Ref. [4] instead of the resonance R1. The fit results are
shown as dashed lines in Fig. 1. This model also describes
the data very well. A χ2 test to the fit quality gives
χ2=n:d:f: ¼ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonance R1 or the Yð4008Þ
resonance [3], is not necessary to explain the data. The fit
has four solutions with equally good fit quality [34] and
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FIG. 1. Measured cross section σðeþe− → πþπ−J=ψÞ and simultaneous fit to the XYZ data (left) and scan data (right) with the
coherent sum of three Breit-Wigner functions (red solid curves) and the coherent sum of an exponential continuum and two Breit-
Wigner functions (blue dashed curves). Dots with error bars are data.

TABLE I. The measured masses and widths of the resonances
from the fit to the eþe− → πþπ−J=ψ cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacing R1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

MðR1Þ 3812.6þ61.9
−96.6 (& & &)

ΓtotðR1Þ 476.9þ78.4
−64.8 (& & &)

MðR2Þ 4222.0% 3.1 (4220.9% 2.9)

ΓtotðR2Þ 44.1% 4.3 (44.1% 3.8)

MðR3Þ 4320.0% 10.4 (4326.8% 10.0)

ΓtotðR3Þ 101.4þ25.3
−19.7 (98.2þ25.4

−19.6 )
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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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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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Charmonium Spectrum
predictions based on PRD 72, 054026 (2005)

measurements from PDG
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Charmonium Spectroscopy:  Z States
Decays of the Y states show evidence for electrically
charged structures near open charm thresholds.

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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candidate events in the hc signal region (dots with error bars) and
the normalized hc sideband region (shaded histogram), summed
over data at all energy points.
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total fit, and the dotted curves the backgrounds from the fit.
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Charmonium Spectroscopy:  X States
Charmonium Spectrum

predictions based on PRD 72, 054026 (2005)
measurements from PDG
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FIG. 1. Distribution of ⇡+⇡�J/ mass, M(⇡+⇡�J/ ),
from the normalization process e+e� ! �⇡+⇡�J/ for
(a) 4.15 < ECM < 4.30 GeV and (b) 4.00 < ECM < 4.15
or 4.30 < ECM < 4.60 GeV. Points are data; lines are fits
(solid is the total and dotted is the polynomial background);
the darker histogram is a MC estimate of peaking J/ back-
grounds; the lighter stacked histogram is an estimate of non-
peaking backgrounds using J/ sidebands from data.

process is obtained by requiring the opening angle of the
final-state photon and any charged track (✓�tk) to satisfy
cos ✓�tk < 0.98. Background events from ⌘J/ and ⌘0J/ 
are removed by requiring M(�⇡+⇡�) > 0.6 GeV/c2 and
|M(�⇡+⇡�) � M0(⌘0)| > 0.02 GeV/c2 (M0(⌘0) is the
nominal mass of the ⌘0 [3]), respectively.

For the search channel, the background mode ⇡0⇡0J/ 
is suppressed both by requiringM(�1�2) to be 20 MeV/c2

away from the ⇡0 mass and by placing the same re-
quirement on the mass of �1 or �2 combined with the
higher energy photon from the ⇡0 decay. Background
events from !(782) decays to �⇡0, including those from
e+e� ! !�cJ and �X(3872) ! �!J/ , are removed
by requiring M(�1,2⇡0) < 0.732 GeV/c2. Finally, back-
ground events from �ISR (3686) are reduced by requiring
the mass recoiling against �1 or �2 both to be larger than
3.7 GeV/c2.

The final distributions for the reconstructed ⇡+⇡�J/ 
mass in the normalization channel are shown in Fig. 1.
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In order to improve the mass resolution, M(⇡+⇡�J/ )
is calculated using M(⇡+⇡�l+l�)�M(l+l�)+M0(J/ ),
where M0(J/ ) is the nominal mass of the J/ .
The mass resolution is improved from 7.4 MeV/c2 to
4.7 MeV/c2. Figure 1a corresponds to data taken at
4.15 < ECM < 4.30 GeV and shows a clear X(3872)
signal. The data are fitted by a first-order polynomial
representing the background and a response function of
the signal process that has been obtained from the signal
MC simulation. All fits are performed using a binned
likelihood method; all significances are obtained by com-
paring the resulting likelihoods with and without the sig-
nal component included. Results are listed in Table I.
Figure 1b shows the same for the other ECM samples.
No X(3872) signal is seen. This pattern is consistent
with the previous measurement [12].

The corresponding distributions of M(⇡0�cJ) for the
search channel are shown in Fig. 2. The �cJ region is
first chosen with a loose requirement on M(�1,2J/ ) ⌘
M(�1,2l+l�) � M(l+l�) + M0(J/ ) between 3.35 and
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are removed by requiring M(�⇡+⇡�) > 0.6 GeV/c2 and
|M(�⇡+⇡�) � M0(⌘0)| > 0.02 GeV/c2 (M0(⌘0) is the
nominal mass of the ⌘0 [3]), respectively.

For the search channel, the background mode ⇡0⇡0J/ 
is suppressed both by requiringM(�1�2) to be 20 MeV/c2

away from the ⇡0 mass and by placing the same re-
quirement on the mass of �1 or �2 combined with the
higher energy photon from the ⇡0 decay. Background
events from !(782) decays to �⇡0, including those from
e+e� ! !�cJ and �X(3872) ! �!J/ , are removed
by requiring M(�1,2⇡0) < 0.732 GeV/c2. Finally, back-
ground events from �ISR (3686) are reduced by requiring
the mass recoiling against �1 or �2 both to be larger than
3.7 GeV/c2.

The final distributions for the reconstructed ⇡+⇡�J/ 
mass in the normalization channel are shown in Fig. 1.
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�cJ are selected using a broad region of �J/ mass. Points,
lines, and histograms follow the same convention as Fig. 1.
The dashed line is the total background contribution to the
fit, including signal events with �1 and �2 interchanged.

In order to improve the mass resolution, M(⇡+⇡�J/ )
is calculated using M(⇡+⇡�l+l�)�M(l+l�)+M0(J/ ),
where M0(J/ ) is the nominal mass of the J/ .
The mass resolution is improved from 7.4 MeV/c2 to
4.7 MeV/c2. Figure 1a corresponds to data taken at
4.15 < ECM < 4.30 GeV and shows a clear X(3872)
signal. The data are fitted by a first-order polynomial
representing the background and a response function of
the signal process that has been obtained from the signal
MC simulation. All fits are performed using a binned
likelihood method; all significances are obtained by com-
paring the resulting likelihoods with and without the sig-
nal component included. Results are listed in Table I.
Figure 1b shows the same for the other ECM samples.
No X(3872) signal is seen. This pattern is consistent
with the previous measurement [12].

The corresponding distributions of M(⇡0�cJ) for the
search channel are shown in Fig. 2. The �cJ region is
first chosen with a loose requirement on M(�1,2J/ ) ⌘
M(�1,2l+l�) � M(l+l�) + M0(J/ ) between 3.35 and

e+e� ! �X(3872); X(3872) ! ⇡+⇡�J/ 
[PRL 122, 202001 (2019)]
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FIG. 3. Distribution of M(�1,2J/ ) after selecting the
X(3872) signal region from Fig. 2a. Points and shaded his-
tograms follow the same convention as Fig. 1. The solid line is
the signal MC and is scaled using subsequent fits; the dashed
line is the component of the signal MC where �1 and �2 are
interchanged. Vertical lines show the �cJ selection regions.

3.60 GeV/c2. A clear signal for the X(3872) is observed
for 4.15 < ECM < 4.30 GeV (Fig. 2a); no evidence for
the X(3872) is seen at other ECM (Fig. 2b). The distri-
butions are fit with a first-order polynomial background
function and a signal shape derived from the signal MC
simulation, where the relative fractions of ⇡0�cJ with
J = 0, 1, 2 are fixed by subsequent fits. There are two
entries per event corresponding to the two combinations
of �1 and �2; the signal MC includes a broad contribu-
tion from events with interchanged �1 and �2. Using
the background samples described earlier (B1 and B2),
we find no other peaking background events. The fit in
Fig. 2a yields 16.9+5.2

�4.5 X(3872) events with a statistical
significance of 4.8�.

We next use the M(�1,2J/ ) distribution to select the
�c0, �c1, and �c2 mass regions (Fig. 3). The photons �1
and �2 are separated by choosing �2 to be the photon
that minimizes �MJ ⌘ |M(�2J/ ) � M0(�cJ)|, where
M0(�cJ) is the nominal mass of each �cJ [3]. We re-
quire �M0 < 25 MeV/c2 and �M1,2 < 20 MeV/c2. The
resulting distributions for M(⇡0�cJ) with J = 0, 1, 2 are
shown in Fig. 4. Each M(⇡0�cJ) distribution is fit with a
constant background function and a signal shape derived
from signal MC simulation. The signal MC samples in-
clude events with interchanged �1 and �2 as well as cross-
feed among the ⇡0�cJ channels. These e↵ects result in
an additional peak below the X(3872) signal region in
the M(⇡0�c0) distribution, but are negligible elsewhere.
In the M(⇡0�c1) distribution, we find a X(3872) signal
with a 5.2� significance. No significant X(3872) signals
are found in the M(⇡0�c0,2) distributions. Numbers for
events, e�ciencies, and significances are listed in Table I.
The total yield of signal events in all three channels is
15.1+4.8

�3.8, consistent with the fit in Fig. 2a.
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FIG. 4. Distributions of ⇡0�cJ mass, M(⇡0�cJ), from the
process e+e� ! �⇡0�cJ for (a) J = 0, (b) J = 1, and (c) J =
2. Points, lines, and histograms follow the same convention
as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged �1
and �2 and cross-feed among the search channels.

Also shown in Table I are the final ratios B(X(3872) !
⇡0�cJ)/B(X(3872) ! ⇡+⇡�J/ ). These are calculated
from the ratios of yields of signal events, the ratios of
e�ciencies (including minor e↵ects due to ISR), and the
nominal �cJ and ⇡0 branching fractions [3]. Upper lim-
its (at the 90% C.L.) are calculated from the likelihood
curve of the fits as a function of signal yield after be-
ing convolved with a Gaussian distribution with a width
the size of the systematic uncertainty. The J/ branch-
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3.60 GeV/c2. A clear signal for the X(3872) is observed
for 4.15 < ECM < 4.30 GeV (Fig. 2a); no evidence for
the X(3872) is seen at other ECM (Fig. 2b). The distri-
butions are fit with a first-order polynomial background
function and a signal shape derived from the signal MC
simulation, where the relative fractions of ⇡0�cJ with
J = 0, 1, 2 are fixed by subsequent fits. There are two
entries per event corresponding to the two combinations
of �1 and �2; the signal MC includes a broad contribu-
tion from events with interchanged �1 and �2. Using
the background samples described earlier (B1 and B2),
we find no other peaking background events. The fit in
Fig. 2a yields 16.9+5.2

�4.5 X(3872) events with a statistical
significance of 4.8�.

We next use the M(�1,2J/ ) distribution to select the
�c0, �c1, and �c2 mass regions (Fig. 3). The photons �1
and �2 are separated by choosing �2 to be the photon
that minimizes �MJ ⌘ |M(�2J/ ) � M0(�cJ)|, where
M0(�cJ) is the nominal mass of each �cJ [3]. We re-
quire �M0 < 25 MeV/c2 and �M1,2 < 20 MeV/c2. The
resulting distributions for M(⇡0�cJ) with J = 0, 1, 2 are
shown in Fig. 4. Each M(⇡0�cJ) distribution is fit with a
constant background function and a signal shape derived
from signal MC simulation. The signal MC samples in-
clude events with interchanged �1 and �2 as well as cross-
feed among the ⇡0�cJ channels. These e↵ects result in
an additional peak below the X(3872) signal region in
the M(⇡0�c0) distribution, but are negligible elsewhere.
In the M(⇡0�c1) distribution, we find a X(3872) signal
with a 5.2� significance. No significant X(3872) signals
are found in the M(⇡0�c0,2) distributions. Numbers for
events, e�ciencies, and significances are listed in Table I.
The total yield of signal events in all three channels is
15.1+4.8

�3.8, consistent with the fit in Fig. 2a.
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FIG. 4. Distributions of ⇡0�cJ mass, M(⇡0�cJ), from the
process e+e� ! �⇡0�cJ for (a) J = 0, (b) J = 1, and (c) J =
2. Points, lines, and histograms follow the same convention
as Fig. 1. The dashed line is the total background in the fit
and includes contributions from events with interchanged �1
and �2 and cross-feed among the search channels.

Also shown in Table I are the final ratios B(X(3872) !
⇡0�cJ)/B(X(3872) ! ⇡+⇡�J/ ). These are calculated
from the ratios of yields of signal events, the ratios of
e�ciencies (including minor e↵ects due to ISR), and the
nominal �cJ and ⇡0 branching fractions [3]. Upper lim-
its (at the 90% C.L.) are calculated from the likelihood
curve of the fits as a function of signal yield after be-
ing convolved with a Gaussian distribution with a width
the size of the systematic uncertainty. The J/ branch-

B(X!⇡0�c1)
B(X!⇡+⇡�J/ ) =

0.88+0.33
�0.27 ± 0.10

e+e� ! �X(3872); X(3872) ! ⇡0�c1

[PRL 122, 202001 (2019)]
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Establish the
 is

produced in
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transitions.

X(3872)

Then search for 
new 
decay modes.

X(3872)

Radiative transitions from the Y states provide
access to X states.
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The Future

The BESIII Experiment:
    * is still extremely active — 61 publications in 2019! (https://inspirehep.net/literature/1770442)
    * maximum energy will be upgraded from 4.7 to 4.9 GeV (this summer)
    * a proposal exists for a 2  luminosity upgrade (timing and funding is uncertain)
    * no official end date (unofficial end date is 5-10 years from now)

×

Super tau-charm factories 
are being discussed in China (USTC) 
and Russia (BINP):
    * a recent joint workshop on the  
         two proposals:
           https://mosphys.ru/indico/event/3/overview
    * luminosity expected to be 
        0.5 - 1.0   
          (50 -100  BEPCII)
    * CDRs have been developed
    * R&D is funded and active
    * timeline would be ~10 years to  
       physics, depending on funding

× 1035

×

Bird	View

2019/9/24 Joint workshop-Tau-Charm Facility, 
Moscow 2

(concept drawing for a tau-charm factory in Hefei, China)

Tau-charm factories offer clean and complimentary environments to study both light and heavy  
quark spectroscopy, as well as a diverse array of other topics (flavor physics, new physics, etc.)!

https://inspirehep.net/literature/1770442
https://mosphys.ru/indico/event/3/overview

