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Motivation

• How do the properties of QCD manifest themselves in the 
structure and spectrum of hadrons?

• QCD suggests!

• confinement:  stable hadrons need to be colorless!

• gluon-gluon interactions:  hadrons with “valence 
gluons” (hybrids and glueballs) could exist

• Experiment:!

• most states are quark-antiquark mesons or three-quark 
baryons!

• little evidence for hybrids or glueballs

• Can we find evidence for these more interesting hadrons that 
are, in principle, allowed by QCD?
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The Experiment:  BESIII at BEPCII
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Ryan Mitchell — Indiana University

Connecting the XYZ at BESIII
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Select data samples (2008-present):   
      *  more than a billion J/ψ decays  
      *  106 million ψ(2S) decays (+ more)  
      *  ~2.9 fb−1 at ψ!!  
      *  ~500 pb−1 at 4.009 GeV  
      *  XYZ data
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The Landscape

• all states below DD threshold have 
been observed!

• charm anti-charm potential model 
describes spectrum below DD 
threshold!

• attempt to understand 
fundamental structure by studying!

• pattern of masses!

• transitions between states!

• states with unconventional 
charmonium properties began 
appearing in the spectrum about a 
decade ago

4
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Prediction:  Barnes, Swanson, and 
Godfrey, PRD 72, 054026 (2005)

(Spectrum figures courtesy of R. Mitchell)
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The History: Y(4260)

• 1- - state produced in e+e-!

!

!

!

!

!

• mass greater than 2M(D) so 
we expect OZI favored decay:

5

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.

PRL 95, 142001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
30 SEPTEMBER 2005

142001-5

The BaBar Collaboration, PRL 95, 142001 (2005)
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More History:  Y(4360)

• similar to Y(4260) except 
dominantly decays to ππψ’!

• additional state at 4660 MeV!

!

• nature of  Y states is unknown!

• all produced in e+e- collisions!

• perfect problem to study with e+e-  
collider in the charmonium region!

• motivation for dedicated 
running at BESIII starting in the 
winter of 2012-2013

6

 Liu, Qin, and Yuan, PRD 78, 014032 (2008)!
using data from:!

BaBar Collaboration, PRL 98, 212001 (2007)!
Belle Collaboration, PRL 99, 142002 (2007)
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The Available Data
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Data sets collected by BESIII since 2009

(Red:  partial or full data sets for the analyses presented today)
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• ππJ/ψ is the only firmly 
established decay mode of 
Y(4260)!

• preliminary Belle result limits 
σ(KKJ/ψ) to about 1/10 of 
ππJ/ψ (arXiv:1402.6578)!

• natural starting place for study:!

• collide e+e- near 4260 MeV!

• examine ππJ/ψ Dalitz plot

8
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e+e-→π+π-J/ψ at Ecm = 4260 MeV
• J/ψ is cleanly identified in dilepton decay modes
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Yð4260Þ state does not have a natural place within the
quark model of charmonium [6]. Furthermore, while being
well above the D !D threshold, the Yð4260Þ shows strong
coupling to the !þ!$J=c final state [7], but relatively
small coupling to open charm decay modes [8–12]. These
properties perhaps indicate that the Yð4260Þ state is not a
conventional state of charmonium [13].

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

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

ffiffiffi
s

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

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

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

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

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

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

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

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

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

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

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

252001-3
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Yð4260Þ state does not have a natural place within the
quark model of charmonium [6]. Furthermore, while being
well above the D !D threshold, the Yð4260Þ shows strong
coupling to the !þ!$J=c final state [7], but relatively
small coupling to open charm decay modes [8–12]. These
properties perhaps indicate that the Yð4260Þ state is not a
conventional state of charmonium [13].

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

In this Letter, we present a study of the process eþe$ !
!þ!$J=c at a center-of-mass (c.m.) energy of
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p ¼
ð4:260& 0:001Þ GeV, which corresponds to the peak of
the Yð4260Þ cross section. We observe a charged structure
in the !&J=c invariant mass spectrum, which we refer to
as the Zcð3900Þ. The analysis is performed with a 525 pb$1

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

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

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

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

($eþe$=$"þ"$) backgrounds associated with a photon-
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opening angles. This restriction removes less than 1% of
the signal events.
The lepton pair and the two pions are subjected to a four-

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

mass distributions of the lepton pairs are shown in Fig. 1.
A clear J=c signal is observed in both the eþe$ and
"þ"$ modes. There are still remaining eþe$ !
!þ!$!þ!$, and other QED backgrounds, but these can
be estimated using the events in the J=c mass sideband.

)2) (GeV/c-µ+µM(
3 3.05 3.1 3.15 3.2

2
E

ve
nt

s 
/ 0

.0
02

 G
eV

/c

0

20

40

60

80

100

120

140

160

)2) (GeV/c-+
3 3.05 3.1 3.15 3.2

2
E

ve
nt

s 
/ 0

.0
02

 G
eV

/c

0

20

40

60

80

100

120

140

160
Data
Fit
Background

)2) (GeV/c-e+M(e
3 3.05 3.1 3.15 3.2

2
E

ve
nt

s 
/ 0

.0
02

 G
eV

/c

0

20

40

60

80

100

120

)2-+
3 3.05 3.1 3.15 3.2

2
E

ve
nt

s 
/ 0

.0
02

 G
eV

/c

0

20

40

60

80

100

120 Data
Fit
Background

FIG. 1 (color online). The distributions ofMð"þ"$Þ (left panel) andMðeþe$Þ (right panel) after performing a 4C kinematic fit and
imposing all selection criteria. Dots with error bars are data and the curves are the best fit described in the text.
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The final selection efficiency is ð53:8" 0:3Þ% for !þ!%

events and ð38:4" 0:3Þ% for eþe% events, where the
errors are from the statistics of the MC sample. The main
factors affecting the detection efficiencies include the de-
tector acceptances for four charged tracks and the require-
ment on the quality of the kinematic fit adopted. The lower
efficiency for eþe% events is due to final-state-radiation,
bremsstrahlung energy loss of eþe% pairs, and the EMC
deposit energy requirement.

To extract the number of "þ"%J=c signal events,
invariant mass distributions of the lepton pairs are
fit using the sum of two Gaussian functions with a
linear background term. The fits yield MðJ=c Þ ¼
ð3098:4" 0:2Þ MeV=c2 with 882" 33 signal events in
the !þ!% mode, and MðJ=c Þ¼ ð3097:9"0:3ÞMeV=c2

with 595" 28 signal events in the eþe% mode. Here the
errors are statistical only. The mass resolution is
3:7 MeV=c2 in the !þ!% mode and 4:0 MeV=c2 in the
eþe% mode.

The Born cross section is determined from the relation
#B ¼ ðNfit=Lintð1þ $Þ%BÞ, where Nfit is the number of
signal events from the fit;Lint is the integrated luminosity, %
is the selection efficiency obtained from a MC simulation,
B is the branching fraction of J=c ! ‘þ‘%, and
(1þ $) is the radiative correction factor, which is 0.818
according to a QED calculation [19]. The measured Born
cross section for eþe% ! "þ"%J=c is ð64:4" 2:4Þ pb in
the !þ!% mode and ð60:7" 2:9Þ pb in the eþe% mode.
The combinedmeasurement is#Bðeþe% ! "þ"%J=c Þ ¼
ð62:9" 1:9Þ pb.

Systematic errors in the cross sectionmeasurement come
from the luminosity measurement, tracking efficiency,
kinematic fit, background estimation, dilepton branching
fractions of the J=c , and Yð4260Þ decay dynamics.

The integrated luminosity of this data sample was mea-
sured using large angle Bhabha events, and has an esti-
mated uncertainty of 1.0%. The tracking efficiency
uncertainty is estimated to be 1% for each track from a
study of the control samples J=c ! "þ"%"0 and
c ð3686Þ ! "þ"%J=c . Since the luminosity is measured
using Bhabha events, the tracking efficiency uncertainty of
high momentum lepton pairs partly cancels in the calcu-
lation of the "þ"%J=c cross section. To be conservative,
we take 4% for both the eþe% and !þ!% modes.

The uncertainty from the kinematic fit comes from the
inconsistency between the data and MC simulation of the
track helix parameters. Following the procedure described
in Ref. [20], we take the difference between the efficiencies
with and without the helix parameter correction as the
systematic error, which is 2.2% in the !þ!% mode and
2.3% in the eþe% mode.

Uncertainties due to the choice of background shape and
fit range are estimated by varying the background function
from linear to a second-order polynomial and by extending
the fit range.

Uncertainties in the Yð4260Þ resonance parameters and
possible distortions of the Yð4260Þ line shape introduce
small systematic uncertainties in the radiative correction
factor and the efficiency. This is estimated using the differ-
ent line shapes measured by Belle [3] and BABAR [5]. The
difference in ð1þ $Þ% is 0.6% in both the eþe% and!þ!%

modes, and this is taken as a systematic error.
We use the observed Dalitz plot to generate Yð4260Þ !

"þ"%J=c events. To cover possible modelling inaccura-
cies, we conservatively take the difference between the
efficiency using this model and the efficiency using a phase
space model as a systematic error. The error is 3.1% in both
the !þ!% and the eþe% modes.
The uncertainty in BðJ=c ! ‘þ‘%Þ is 1% [21]. The

trigger simulation, the event start time determination, and
the final-state-radiation simulation are well understood; the
total systematic error due to these sources is estimated to
be less than 1%.
Assuming all of the sources are independent, the total

systematic error in the "þ"%J=c cross section measure-
ment is determined to be 5.9% for the !þ!% mode and
6.8% for the eþe% mode. Taking the correlations in errors
between the two modes into account, the combined sys-
tematic error is slightly less than 5.9%.
Intermediate states are studied by examining the Dalitz

plot of the selected "þ"%J=c candidate events. The J=c
signal is selected using 3:08<Mð‘þ‘%Þ< 3:12 GeV=c2

and the sideband using 3:00<Mð‘þ‘%Þ< 3:06 GeV=c2

or 3:14<Mð‘þ‘%Þ< 3:20 GeV=c2, which is three times
the size of the signal region. In total, a sample of 1595
"þ"%J=c events with a purity of 90% is obtained.
Figure 2 shows the Dalitz plot of events in the J=c

signal region, where there are structures in the "þ"%

system and evidence for an exotic charmoniumlike struc-
ture in the ""J=c system. The inset shows background
events from J=c mass sidebands (not normalized), where
no obvious structures are observed.
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FIG. 2. Dalitz distributions of M2ð"þ"%Þ vs M2ð"þJ=c Þ for
selected eþe% ! "þ"%J=c events in the J=c signal region.
The inset shows background events from the J=c mass side-
bands (not normalized).
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Figure 3 shows the projections of the Mð!þJ=c Þ,
Mð!$J=c Þ, and Mð!þ!$Þ distributions for the signal
events, as well as the background events estimated from
normalized J=c mass sidebands. In the !%J=c mass
spectrum, there is a significant peak at around
3:9 GeV=c2 [referred to as the Zcð3900Þ hereafter]. The
wider peak at low mass is a reflection of the Zcð3900Þ as
indicated from MC simulation, and shown in Fig. 3.
Similar structures are observed in the eþe$ and "þ"$

separated samples.
The !þ!$ mass spectrum shows nontrivial structure.

To test the possible effects of dynamics in the !þ!$ mass
spectrum on the !%J=c projection, we develop a parame-
trization for the !þ!$ mass spectrum that includes a
f0ð980Þ, #ð500Þ, and a nonresonant amplitude. An MC
sample generated with this parametrization adequately
describes the !þ!$ spectrum, as shown in Fig. 3, but
does not generate any peaking structure in the !%J=c
projection consistent with the Zcð3900Þ. We have also
tested D-wave !þ!$ amplitudes, which are not apparent
in the data, and they, also, do not generate peaks in the
!%J=c spectrum.

An unbinned maximum likelihood fit is applied to the
distribution of Mmaxð!%J=c Þ, the larger one of the two
mass combinations Mð!þJ=c Þ and Mð!$J=c Þ in each
event. The signal shape is parametrized as an S-wave Breit-
Wigner function convolved with a Gaussian with a mass
resolution fixed at the MC simulated value (4:2 MeV=c2).
The phase space factor p & q is considered in the partial
width, where p is the Zcð3900Þ momentum in the Yð4260Þ
c.m. frame and q is the J=c momentum in the Zcð3900Þ
c.m. frame. The background shape is parametrized as
a=ðx$ 3:6Þb þ cþ dx, where a, b, c, and d are free
parameters and x ¼ Mmaxð!%J=c Þ. The efficiency curve
is considered in the fit and the possible interference
between the signal and background is neglected. Figure 4
shows the fit results; the fit yields a mass of ð3899:0%
3:6Þ MeV=c2, and a width of ð46% 10Þ MeV. The good-
ness of the fit is found to be $2=ndf ¼ 32:6=37 ¼ 0:9.

The number of Zcð3900Þ events is determined to be
N½Zcð3900Þ%) ¼ 307% 48. The production ratio is

calculated to be R ¼ #ðeþe$ ! !%Zcð3900Þ* !
!þ!$J=c Þ=#ðeþe$ ! !þ!$J=c Þ ¼ ð21:5 % 3:3Þ%,
where the efficiency correction has been applied. The
statistical significance is calculated by comparing the fit
likelihoods with and without the signal. Besides the nomi-
nal fit, the fit is also performed by changing the fit range,
the signal shape, or the background shape. In all cases, the
significance is found to be greater than 8#.
Fitting the Mð!þJ=c Þ and Mð!$J=c Þ distributions

separately, one obtains masses, widths, and production
rates of the Zcð3900Þþ and Zcð3900Þ$ that agree with
each other within statistical errors. Dividing the sample
into two different Mð!þ!$Þ regions [below and above
M2ð!þ!$Þ ¼ 0:7 GeV2=c4] allows us to check the
robustness of the Zcð3900Þ signal in the presence of two
different sets of interfering !þ!$J=c amplitudes. In both
samples, the Zcð3900Þ is significant and the observed mass
can shift by as much as 14% 5 MeV=c2 from the nominal
fit, and the width can shift by ð20% 11Þ MeV. We attribute
the systematic shifts in mass and width to interference
between the Zcð3900Þ! and ð!þ!$ÞJ=c amplitudes. In
fitting the !%J=c projection of the Dalitz plot, our analy-
sis averages over the entire !þ!$ spectrum, and our
measurement of the Zcð3900Þ mass, width, and produc-
tion fraction neglects interference with other !þ!$J=c
amplitudes.
The systematic errors for the resonance parameters of

the Zcð3900Þ come from the mass calibration, parametri-
zation of the signal and background shapes, and the mass
resolution. The uncertainty from the mass calibration can
be estimated using the difference between the measured
and known J=c masses (reconstructed from eþe$

and "þ"$) and D0 masses (reconstructed from K$!þ).
The differences are ð1:4% 0:2Þ MeV=c2 and $ð0:7%
0:2Þ MeV=c2, respectively. Since our signal topology has
one low momentum pion, as inD0 decay, and a pair of high
momentum tracks from the J=c decay, we assume these
differences added in quadrature is the systematic error of
the Zcð3900Þ mass measurement due to tracking. Doing a
fit by assuming a P wave between the Zcð3900Þ and the !,
and between the J=c and ! in the Zcð3900Þ system, yields
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FIG. 3 (color online). One dimensional projections of the Mð!þJ=c Þ, Mð!$J=c Þ, and Mð!þ!$Þ invariant mass distributions in
eþe$ ! !þ!$J=c for data in the J=c signal region (dots with error bars), data in the J=c sideband region (shaded histograms), and
MC simulation results from #ð500Þ, f0ð980Þ, and nonresonant !þ!$ amplitudes (red dotted-dashed histograms). The pink blank
histograms show a MC simulation of the Zcð3900Þ signal with arbitrary normalization.
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Figure 3 shows the projections of the Mð!þJ=c Þ,
Mð!$J=c Þ, and Mð!þ!$Þ distributions for the signal
events, as well as the background events estimated from
normalized J=c mass sidebands. In the !%J=c mass
spectrum, there is a significant peak at around
3:9 GeV=c2 [referred to as the Zcð3900Þ hereafter]. The
wider peak at low mass is a reflection of the Zcð3900Þ as
indicated from MC simulation, and shown in Fig. 3.
Similar structures are observed in the eþe$ and "þ"$

separated samples.
The !þ!$ mass spectrum shows nontrivial structure.

To test the possible effects of dynamics in the !þ!$ mass
spectrum on the !%J=c projection, we develop a parame-
trization for the !þ!$ mass spectrum that includes a
f0ð980Þ, #ð500Þ, and a nonresonant amplitude. An MC
sample generated with this parametrization adequately
describes the !þ!$ spectrum, as shown in Fig. 3, but
does not generate any peaking structure in the !%J=c
projection consistent with the Zcð3900Þ. We have also
tested D-wave !þ!$ amplitudes, which are not apparent
in the data, and they, also, do not generate peaks in the
!%J=c spectrum.

An unbinned maximum likelihood fit is applied to the
distribution of Mmaxð!%J=c Þ, the larger one of the two
mass combinations Mð!þJ=c Þ and Mð!$J=c Þ in each
event. The signal shape is parametrized as an S-wave Breit-
Wigner function convolved with a Gaussian with a mass
resolution fixed at the MC simulated value (4:2 MeV=c2).
The phase space factor p & q is considered in the partial
width, where p is the Zcð3900Þ momentum in the Yð4260Þ
c.m. frame and q is the J=c momentum in the Zcð3900Þ
c.m. frame. The background shape is parametrized as
a=ðx$ 3:6Þb þ cþ dx, where a, b, c, and d are free
parameters and x ¼ Mmaxð!%J=c Þ. The efficiency curve
is considered in the fit and the possible interference
between the signal and background is neglected. Figure 4
shows the fit results; the fit yields a mass of ð3899:0%
3:6Þ MeV=c2, and a width of ð46% 10Þ MeV. The good-
ness of the fit is found to be $2=ndf ¼ 32:6=37 ¼ 0:9.

The number of Zcð3900Þ events is determined to be
N½Zcð3900Þ%) ¼ 307% 48. The production ratio is

calculated to be R ¼ #ðeþe$ ! !%Zcð3900Þ* !
!þ!$J=c Þ=#ðeþe$ ! !þ!$J=c Þ ¼ ð21:5 % 3:3Þ%,
where the efficiency correction has been applied. The
statistical significance is calculated by comparing the fit
likelihoods with and without the signal. Besides the nomi-
nal fit, the fit is also performed by changing the fit range,
the signal shape, or the background shape. In all cases, the
significance is found to be greater than 8#.
Fitting the Mð!þJ=c Þ and Mð!$J=c Þ distributions

separately, one obtains masses, widths, and production
rates of the Zcð3900Þþ and Zcð3900Þ$ that agree with
each other within statistical errors. Dividing the sample
into two different Mð!þ!$Þ regions [below and above
M2ð!þ!$Þ ¼ 0:7 GeV2=c4] allows us to check the
robustness of the Zcð3900Þ signal in the presence of two
different sets of interfering !þ!$J=c amplitudes. In both
samples, the Zcð3900Þ is significant and the observed mass
can shift by as much as 14% 5 MeV=c2 from the nominal
fit, and the width can shift by ð20% 11Þ MeV. We attribute
the systematic shifts in mass and width to interference
between the Zcð3900Þ! and ð!þ!$ÞJ=c amplitudes. In
fitting the !%J=c projection of the Dalitz plot, our analy-
sis averages over the entire !þ!$ spectrum, and our
measurement of the Zcð3900Þ mass, width, and produc-
tion fraction neglects interference with other !þ!$J=c
amplitudes.
The systematic errors for the resonance parameters of

the Zcð3900Þ come from the mass calibration, parametri-
zation of the signal and background shapes, and the mass
resolution. The uncertainty from the mass calibration can
be estimated using the difference between the measured
and known J=c masses (reconstructed from eþe$

and "þ"$) and D0 masses (reconstructed from K$!þ).
The differences are ð1:4% 0:2Þ MeV=c2 and $ð0:7%
0:2Þ MeV=c2, respectively. Since our signal topology has
one low momentum pion, as inD0 decay, and a pair of high
momentum tracks from the J=c decay, we assume these
differences added in quadrature is the systematic error of
the Zcð3900Þ mass measurement due to tracking. Doing a
fit by assuming a P wave between the Zcð3900Þ and the !,
and between the J=c and ! in the Zcð3900Þ system, yields
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FIG. 3 (color online). One dimensional projections of the Mð!þJ=c Þ, Mð!$J=c Þ, and Mð!þ!$Þ invariant mass distributions in
eþe$ ! !þ!$J=c for data in the J=c signal region (dots with error bars), data in the J=c sideband region (shaded histograms), and
MC simulation results from #ð500Þ, f0ð980Þ, and nonresonant !þ!$ amplitudes (red dotted-dashed histograms). The pink blank
histograms show a MC simulation of the Zcð3900Þ signal with arbitrary normalization.
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• Structure in π+J/ψ mass that does not arise from  
π+π- interactions
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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
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In summary, the cross section of eþe" ! !þ!"J=c is
measured from 3.8 to 5.5 GeV. The Yð4260Þ resonance is
observed and its resonant parameters are determined. In
addition, the Yð4008Þ state is confirmed. The intermediate
states in Yð4260Þ ! !þ!"J=c decays are also investi-
gated. A Zð3900Þ% state with a mass of ð3894:5% 6:6%
4:5Þ MeV=c2 and a width of ð63% 24% 26Þ MeV=c2 is
observed in the !%J=c mass spectrum with a statistical
significance larger than 5:2". This state is close to theD !D&

mass threshold; however, no enhancement is observed near
the D& !D& mass threshold. As the Zð3900Þ% state has a
strong coupling to charmonium and is charged, we con-
clude it cannot be a conventional c !c state.
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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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In summary, the cross section of eþe" ! !þ!"J=c is
measured from 3.8 to 5.5 GeV. The Yð4260Þ resonance is
observed and its resonant parameters are determined. In
addition, the Yð4008Þ state is confirmed. The intermediate
states in Yð4260Þ ! !þ!"J=c decays are also investi-
gated. A Zð3900Þ% state with a mass of ð3894:5% 6:6%
4:5Þ MeV=c2 and a width of ð63% 24% 26Þ MeV=c2 is
observed in the !%J=c mass spectrum with a statistical
significance larger than 5:2". This state is close to theD !D&

mass threshold; however, no enhancement is observed near
the D& !D& mass threshold. As the Zð3900Þ% state has a
strong coupling to charmonium and is charged, we con-
clude it cannot be a conventional c !c state.
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FIG. 4 (color online). Unbinned maximum likelihood fit to the
distribution of the Mmaxð!J=c Þ. Points with error bars are data,
the curves are the best fit, the dashed histogram is the phase
space (PHSP) distribution and the shaded histogram is the
non-!þ!"J=c background estimated from the normalized
J=c sidebands.
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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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M[Zc(3900)] = 3899 ± 6 MeV!
Γ[Zc(3900)] = 46 ± 22 MeV

T. Xiao et al. / Physics Letters B 727 (2013) 366–370 367

Fig. 1. (a, b) Invariant mass distributions for ψ(4160) → π+π−(µ+µ−, e+e−). The
curves are fits as described in the text. The dashed vertical lines define the J/ψ
resonance region used in subsequent analysis; (c) Dalitz plot for M2(π+π−) versus
M2(π+ J/ψ); (d) M(π+π−) projection of the Dalitz plot. The dashed lines in (c)
and (d) indicate division of the data into two parts as described in the text.

we use the momenta of the charged particles after the kinematic
fit. To select events containing J/ψ → µ+µ−, e+e− decays, we
select events with the dilepton mass M(µ+µ−) and M(e+e−) con-
sistent with M( J/ψ) within ±12 MeV.

The J/ψ decays appear as well-defined peaks in the M(µ+µ−)

and M(e+e−) distributions shown in Figs. 1(a, b). The event
distributions were fit with constant backgrounds and Gaussian
peak shapes. For J/ψ → µ+µ− decays we obtain M( J/ψ) =
3096.5 ± 0.5 MeV, Nµ = 137 ± 15 counts and a fitted resolution

Fig. 2. Distributions of Mmax(π± J/ψ) as observed in the decay ψ(4160) →
π+π− J/ψ . The histograms show the fits. The dashed curves show the MC-
determined phase–space background. The hatched peak shows the contribution of
the Breit–Wigner resonance. (a) With no cut in M2(π+π−), (b) M2(π+π−) <

0.65 GeV2, (c) M2(π+π−) > 0.65 GeV2.

width, σµ = 4.2 ± 0.5 MeV. For J/ψ → e+e− decays we obtain
M( J/ψ) = 3096.3 ± 0.5 MeV, Ne = 96 ± 11 counts and a fitted
width, σe = 3.9 ± 0.5 MeV. Monte Carlo (MC) determined efficien-
cies for decays containing µ± are ϵµ = 53%, and for decays con-
taining e± are ϵe = 43%. To obtain Born cross sections, we correct
the observed cross sections for the effect of initial state radiation
(ISR) using the method of Bonneau and Martin [6]. The Born cross
sections are determined as σBorn(e+e− → π+π− J/ψ) = N/LϵCB,
where B ≡ B( J/ψ → e+e−,µ+µ−) = 5.9% [7], and the radiation
correction factor C = 0.82. The cross sections are σBorn(µ±) =
9.1 ± 1.0(stat) pb, and σBorn(e±) = 7.9 ± 0.9(stat) pb, with the av-
erage value of σBorn(e+e− → π+π− J/ψ) = 8.4 ± 0.7(stat) pb. This
is nearly 1/7th of the cross section observed by BES III in decays of
Y(4260).

Fig. 1(c) shows the Dalitz plot distribution of M2(π+π−)

versus M2(π+ J/ψ). A clear enhancement of events is seen
near M2(π+ J/ψ) ≈ 15 GeV2, and its reflection at ≈ 11 GeV2.

M[Zc(3900)] = 3886 ± 5 MeV!
Γ[Zc(3900)] = 33 ± 9 MeV

T. Xiao et al., PLB 727, 366 (2013)!
[using CLEO-c data]
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e+e-→π±(DD*)∓ at Ecm = 4260 MeV

• π angular distribution 
establishes JP = 1+

11

M[Zc(3885)] = 3884 ± 4 MeV!
Γ[Zc(3885)] = 25 ± 11 MeV

BESIII Collaboration, PRL 112, 022001 (2013)

• If Zc(3885) is Zc(3900):

�(Zc(3900) ! DD̄⇤)

�(Zc(3900) ! ⇡J/ )
= 6.2± 2.9

1+

0-

1-
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predicted, undiscovered

unpredicted, discovered

π∓
ψ(23D1)

DD*

Zc(3900)±

• Charged charmonium-like 
structure above DD* mass 
threshold!

• Decays to (DD*)± and π±J/ψ in 
ratio of 6±3 : 1!

• Evidence for neutral isospin 
partner [T. Xiao et al., PLB 727, 
366 (2013)]!

• JP = 1+!

• Production seems correlated with 
Y(4260) decay

12
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Z(4020)

π±
ψ(23D1)

π∓

JPC

e+e-→π+π-hc

• significant π+π-hc production reported 
by CLEO at Ecm = 4170 MeV   
[PRL 107, 041803 (2011)]!

• correlated with Y(4260)?!

• hc is spin singlet (S=0) state!

• different charm quark spin 
orientation than J/ψ!

• explore π+π- transitions to hc as a 
function of Ecm!

• search for π±hc states

13
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e+e-→π+π-hc

• no sharp structure in π+π-hc 
cross section!

• correlation with Y(4260) or 
Y(4360) unclear
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e+e-→π+π-hc

• no sharp structure in π+π-hc 
cross section!

• correlation with Y(4260) or 
Y(4360) unclear

• narrow π±hc structure observed!

• M[Zc(4020)] = 4023 ± 3 MeV!

• Γ[Zc(4020)] = 8 ± 4 MeV
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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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FIG. 3 (color online). M#&hc distribution of e
þe% ! #þ#%hc

candidate events in the hc signal region (dots with error bars) and
the normalized hc sideband region (shaded histogram), summed
over data at all energy points.

)2(GeV/c
ch±πM

)2
E

ve
nt

s/
(0

.0
05

 G
eV

/c

)2(GeV/c
ch+πM

3.8 3.9 4.0 4.1

)2
E

ve
nt

s/
(0

.0
05

 G
eV

/c

0

10

20

30

40

50

0

20

40

60

80

100

120

3.95 4.00 4.05 4.10 4.15 4.20 4.25

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

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

Zcð4020Þ. Dots with error bars are data; shaded histograms are
the normalized sideband background; the solid curves show the
total fit, and the dotted curves the backgrounds from the fit.
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e+e-→π+π-hc

• no sharp structure in π+π-hc 
cross section!

• correlation with Y(4260) or 
Y(4360) unclear

• narrow π±hc structure observed!

• M[Zc(4020)] = 4023 ± 3 MeV!

• Γ[Zc(4020)] = 8 ± 4 MeV

• no significant evidence for 
Zc(3900)→π±hc!

• at Ecm = 4260 MeV:
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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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FIG. 3 (color online). M#&hc distribution of e
þe% ! #þ#%hc

candidate events in the hc signal region (dots with error bars) and
the normalized hc sideband region (shaded histogram), summed
over data at all energy points.
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FIG. 4 (color online). Sum of the simultaneous fits to the
M#&hc distributions at 4.23, 4.26, and 4.36 GeV as described in

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

Zcð4020Þ. Dots with error bars are data; shaded histograms are
the normalized sideband background; the solid curves show the
total fit, and the dotted curves the backgrounds from the fit.
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�(e+e� ! ⇡±Zc(3900)
⌥ ! ⇡+⇡�hc) < 11 pb

�(e+e� ! ⇡±Zc(3900)
⌥ ! ⇡+⇡�J/ ) = 13± 5 pb

BESIII Collaboration, PRL 110, 252001 (2013)
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e+e-→π±(D*D*)∓ at Ecm = 4260 MeV

• deviation from phase space decay!

• could be described by a 
charged state decaying to D*D*!

• if Zc(4025)± is the Zc(4020)± 
observed in the π±hc spectrum:!

!

!

!

• similar behavior to Zc(3900)±

15

M[Zc(4025)] = 4026 ± 3 MeV!
Γ[Zc(4025)] = 25 ± 6 MeV

M[Zc(4020)] = 4023 ± 3 MeV!
Γ[Zc(4020)] = 8 ± 4 MeV

compare with π±hc structure:

BESIII Collaboration, PRL 112, 132001 (2014)
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FIG. 4. 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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· p · q. (1)

Here, M is the reconstructed mass; m is the resonance
mass; Γ is the width; p(q) is the D∗+(π−) momentum in
the rest frame of the D∗+D̄∗0 system (the initial e+e−

system).
The signal yield of the Z+

c (4025) is estimated by an
unbinned maximum likelihood fit to the spectrum of
RM(π−). The fit results are shown in Fig. 4. Possible
interference between the Z+

c (4025) signals and the PHSP
processes is neglected. The Z+

c (4025) signal shape is tak-
en as an efficiency-weighted BW shape convoluted with a
detector resolution function, which is obtained from MC
simulation. The detector resolution is about 2MeV/c2

and is asymmetric due to the effects of ISR. The shape of
the combinatorial backgrounds is taken from the kernel-
estimate [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 sig-
nal 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 detec-
tor resolution are taken into account. From the fit, the
parameters of m and Γ in Eq. (1) are determined to be

m(Z+
c (4025)) = (4026.3± 2.6)MeV/c2,

Γ(Z+
c (4025)) = (24.8± 5.6)MeV.

A goodness-of-fit test gives a χ2/d.o.f.= 30.4/33 = 0.92.
The Z+

c (4025) 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 uncertain-
ties are taken into account, the significance is evaluated
to be 10σ.
The Born cross section is determined from σ =
nsig

L(1+δ)εB , where nsig is the number of observed signal
events, L is the integrated luminosity, ε is the detec-
tion efficiency, 1 + δ is the radiative correction factor

Source m(MeV/c2) Γ(MeV) σtot(%) R(%)
Tracking 4
Particle ID 5
Tagging π0 4
Mass scale 1.8
Signal shape 1.4 7.3 1 5
Backgrounds 1.5 0.6 5 5
Efficiencies 0.9 2.2 1 5
D∗∗ states 2.2 0.7 5 2
Fit range 0.9 0.9 1 1
D∗+D̄∗0π− line shape 4
PHSP model 2 2
Luminosity 1.0
Branching fractions 2.6
total 3.7 7.7 11 9

TABLE I. A summary of the systematic uncertainties on
the measurements of the Z+

c (4025) resonance parameters and
cross sections. We denote σtot = σ(e+e− → (D∗D̄∗)±π∓).
The total systematic uncertainty is taken as the square root
of the quadratic sum of the individual uncertainties.

and B is the branching fraction of D∗+ → D+(π0, γ),
D+ → K−π+π+. From the fit results, we obtain
560.1 ± 30.6 D∗+D̄∗0π− events, among which 400.9 ±
47.3 events are Z+

c (4025) candidates. With the in-
put of the observed center-of-mass energy dependence
of σ(D∗+D̄∗0π−), the radiative correction factor is cal-
culated to second-order in QED [22] to be 0.78 ± 0.03.
The efficiency for the Z+

c (4025) signal process is deter-
mined to be 23.5%, while the efficiency of the PHSP sig-
nal process is 17.4%. The total cross section σ(e+e− →
(D∗D̄∗)∓π±) is measured to be (137± 9) pb, and the ra-

tio R = σ(e+e
−→Z

±
c
(4025)π∓→(D∗

D̄
∗)±π

∓)
σ(e+e−→(D∗D̄∗)±π∓)

is determined to

be 0.65± 0.09.
Sources of systematic error on the measurement of the

Z+
c (4025) resonance parameters and the cross section are

listed in Table I. The main sources of systematic un-
certainties relevant for determining the Z+

c (4025) reso-
nance parameters and the ratio R include the mass scale,
the signal shape, background models and potential D∗∗

backgrounds. We use the process e+e− → D+D̄∗0π−

to study the mass scale of the recoil mass of the low
momentum bachelor π−. By fitting the peak of D̄∗0 in
the D+π− recoil mass spectrum, we obtain a mass of
2008.6 ± 0.1MeV/c2. This deviates from the PDG ref-
erence value by 1.6 ± 0.2MeV/c2. Since the fitted vari-
able RM(D+π−)+M(D+)−m(D+) removes the corre-
lation with M(D+), the shift mostly is due to the mo-
mentum measurement of the bachelor π−. Hence, we
take the mass shift of 1.8MeV/c2 as a systematic un-
certainty on RM(π−) due to the mass scale. If one as-
sumes Z+

c (4025) also decays to other final states such
as π+(ψ(2S), J/ψ, hc), variations of their relative cou-
pling strengths would affect the measurements of the
Z+
c (4025) mass and width. The Flatté formula [23] is

used to take into account possible multiple channels,
and the maximum changes on the mass and the width
are 0.4MeV/c2 and 0.1MeV, respectively. When we as-

π± Recoil Mass [GeV/c2]
�(Zc(4020) ! D⇤D̄⇤)

�(Zc(4020) ! ⇡hc)
= 12± 5
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Zc(4020)±

• Charged charmonium-like 
structure above D*D* mass 
threshold!

• Prefers to transition to 
charmonium spin singlet (hc) 
over spin triplet (J/ψ)!

• JP unknown!

• Correlation with Y(4360) or 
Y(4260) is unclear!

• If structure in πhc is the same as 
that in D*D*, then ratio of D*D*  
to πhc partial widths is 12±5 : 1!

• Qualitatively similar to Zc(3900)

16
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JPC

• Study e+e-→π0π0hc at 4.23, 4.26, and  
4.36 GeV

17

e+e-→π0π0hc
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• Study e+e-→π0π0hc at 4.23, 4.26, and  
4.36 GeV

• Observe Zc(4020)0 structure in π0hc mass 
distribution

• BESIII Preliminary result:

• M[Zc(4020)0] = 4023.6 ± 4.5 MeV

• Neutral isospin partner of the Zc(4020)±

17

e+e-→π0π0hcNEW  Two Public Preliminary Results:   First:  π0π0hc
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FIG. 1: The γηc invariant mass distribution for the events with an ηc candidate. The plot shows the sum
over three energy points. Dots with error bars are data, the solid curve is the best fit, and the dotted line is
the background. The inset is the scatter plot of the mass of the ηc candidate versus that of the hc candidate.

energy points, and is quoted separately in the cross section measurement. Altogether, about 95%201

of the total systematic errors are common to all the energy points.202

Intermediate states are studied by examining the π0hc invariant mass distribution with the203

selected π0π0hc candidate events. The hc signal events are selected by requiring 3.51 <204

M recoil
π0π0 < 3.55 GeV/c2, and events in the sideband regions 3.45 < M recoil

π0π0 < 3.49 GeV/c2 and205

3.57 < M recoil
π0π0 < 3.61 GeV/c2 are used to study the background. The sideband region is twice206

as wide as the signal region. Figure 2 shows the Dalitz plot of all the π0π0hc candidate events at207

three center-of-mass energies. We can see that there is a clear band in the π0hc system and there208

could also be structures in the ππ system which could be the low mass scalars such as the f0(600)209

and f0(980) [17]. Figure 3 shows the Mmax(π0hc) distribution for the signal events. In the two210

combinations of π0hc, we retain the one whose M(π0hc) is the larger. There is an obvious peak at211

around 4.02 GeV/c2, the signal position of the Zc(4020).212

An unbinned maximum likelihood fit is applied to the M(π0hc) distribution summed over the213

16 ηc decay modes. The data at
√
s = 4.23, 4.26, and 4.36 GeV are fitted simultaneously with the214

same signal function with common mass and width.215

The signal shape is parameterized as a constant width relativistic Breit-Wigner function con-216

volved with a Gaussian with a mass resolution determined from the data directly. Here, the mass217

resolution is extracted from fitting to the MC sample with the width set to be zero. In view of the218

low statistics of Zc(4020)0 signal, its width is fixed to that of its charged partner [4]. Assuming219

the spin parity of the Zc(4020)0 is 1+, a phase space factor pq3 is considered in the partial width,220

where p is the Zc(4020)0 momentum in the e+e− rest frame and q is the hc momentum in the221

Zc(4020)0 rest frame.222

The backgrounds in M(π0hc) distribution can be categorized into two groups, one is the non-hc223
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FIG. 2: Dalitz plot (M2(π0hc) versusM2(π0π0)) for selected e+e− → π0π0hc events, summed over three
energy points.
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FIG. 3: Sum of the simultaneous fit to the Mmax(π0hc) distribution at
√
s = 4.23, 4.26 and 4.36 GeV as

described in the text. Dots with errors bars are data; the green shaded histogram shows the normalized hc
sideband events; the black dotted curves the backgrounds from the fit; the red histogram shows the result
from a phase space MC simulation.

background in the hc signal region which can be represented by the hc sideband events; the oth-224

er is the non-Zc(4020)0 π0π0hc events which may come from three-body π0π0hc or intermediate225

scalar states decay into π0π0. Since the widths of the low mass scalars are large, the possible non-226

Zc(4020)0 π0π0hc events can be described with a phase space distribution. While for the non-hc227

background, a comparison of the hc sideband events with the simulated phase space events indi-228

cates that it can also be described with a three-body phase space distribution. So in the fit, all the229

background is described with a MC simulated phase space shape with only the total normalization230

free. The efficiency curve is considered in the fit, but possible interference between the signal and231

background is neglected.232

Figure 3 shows the fit results. The fit yields a mass of 4023.6 ± 2.2 MeV/c2. The goodness of233

the fit is found to be χ2/n.d.f. = 28.6/33 = 0.87 by projecting the events into a binned histogram.234

The statistical significance of the Zc(4020)0 signal is calculated by comparing the fit likelihoods235

8

fixed width!
M = 4023.6 ± !
         2.2 ± 3.9 MeV 

JI Qingping (May 22, 2014 Paper Draft)
2014/5/25 exotics in leptonic machines 28 

ZHU Kai (May 25, 2014 FPCP)

hc signal

π0hc signal

clear neutral version of the Zc!

π0π0hc comes from ?????

BESIII Preliminary
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18



M. R. Shepherd 
CAP Congress, Sudbury 

June 19, 2014 

Intermission
• Confirm well-established decay of Y(4260)→π±π∓J/ψ

• observe new structure in π±J/ψ mass spectrum

• mass of about 3900 MeV; also decays to DD*

• heavy and charged:  can’t be charm anti-charm
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• Confirm well-established decay of Y(4260)→π±π∓J/ψ

• observe new structure in π±J/ψ mass spectrum

• mass of about 3900 MeV; also decays to DD*

• heavy and charged:  can’t be charm anti-charm

• Try to establish Y(4260)→π±π∓hc  and  Y(4260)→π0π0hc

• no clear Y(4260)-like structure in e+e-→π±π∓hc cross section
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• Confirm well-established decay of Y(4260)→π±π∓J/ψ

• observe new structure in π±J/ψ mass spectrum

• mass of about 3900 MeV; also decays to DD*

• heavy and charged:  can’t be charm anti-charm

• Try to establish Y(4260)→π±π∓hc  and  Y(4260)→π0π0hc

• no clear Y(4260)-like structure in e+e-→π±π∓hc cross section

• observe new structures in π±hc and π0hc mass spectra

• both have a mass of about 4020 MeV; consistent with isovector 
triplet of states; may decay to D*D*

• heavy and charged:  can’t be charm anti-charm
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• Confirm well-established decay of Y(4260)→π±π∓J/ψ

• observe new structure in π±J/ψ mass spectrum

• mass of about 3900 MeV; also decays to DD*

• heavy and charged:  can’t be charm anti-charm

• Try to establish Y(4260)→π±π∓hc  and  Y(4260)→π0π0hc

• no clear Y(4260)-like structure in e+e-→π±π∓hc cross section

• observe new structures in π±hc and π0hc mass spectra

• both have a mass of about 4020 MeV; consistent with isovector 
triplet of states; may decay to D*D*

• heavy and charged:  can’t be charm anti-charm

• What does this tell us about Y(4260)?  Don’t know.  

• Search for more Y(4260) decay modes, like transitions to 
(un)conventional charmonium.
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γ

π+π−

X(3872)
• well-established neutral state just at or 

below D0D*0 threshold !

• discovered by Belle in B decay  
[PRL 91, 262001 (2003)]!

• decay to (π+π-)ρ J/ψ is atypical of 
conventional charmonium!

• popular explanation:  bound D0D*0 

“molecular” state!

• recent developments:!

• JPC = 1++  firmly established by LHCb  
[PRL 110, 222001 (2013)]!

• LHCb observes radiative transition 
to ψ’ (arXiv:1404.0275)!

• BESIII observes production in 
e+e-→γX(3872)

19
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e+e-→γX(3872)

• search for γX(3872) with  
X(3872) → ππJ/ψ at  
Ecm = 4.23 GeV, 4.26 GeV, and 4.36 GeV !

• summed over all data X(3872) 
significance:  6.3σ!

• production in Y(4260) decay suggestive 
but not conclusive!

• if from Y(4260):

20

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.

)2) (GeV/cψJ/-π+πM(
3.8 3.85 3.9 3.95

2
E

ve
nt

s 
/ 3

 M
eV

/c

0

5

10

15
Data

Total fit

Background

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.
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.

ffiffiffi
s

p
(GeV) Nobs Nup ε (%) 1þ δ σB · B (pb) σup · B (pb) σISR (pb) σQED (pb)

4.009 0.0' 0.5 < 1.4 28.7 0.861 0.00' 0.04' 0.01 < 0.11 719' 30' 47 735' 13
4.229 9.6' 3.1 ( ( ( 34.4 0.799 0.27' 0.09' 0.02 ( ( ( 404' 14' 27 408' 7
4.260 8.7' 3.0 ( ( ( 33.1 0.814 0.33' 0.12' 0.02 ( ( ( 378' 16' 25 382' 7
4.360 1.7' 1.4 < 5.1 23.2 1.023 0.11' 0.09' 0.01 < 0.36 308' 17' 20 316' 5
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FIG. 4 (color online). The fit to σB½eþe− → γXð3872Þ& ×
B½Xð3872Þ → πþπ−J=ψ & with a Yð4260Þ resonance (red solid
curve), a linear continuum (blue dashed curve), or a E1-transition
phase space term (red dotted-dashed curve). Dots with error bars
are data.
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e+e-→ωχc0

• Search for transitions of Y(4260) 
to the χcJ states via the emission 
of a vector meson!

• Need to observe peak in the  
e+e-→ωχc0 cross section that 
matches the Y(4260) lineshape

21
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e+e-→ωχc0

• observation of ωχc0 production at  
4230 MeV and 4260 MeV

• no evidence for ωχc0 at 4360 MeV

• no evidence for ωχc1,2 at 4230 or 4260 MeV

22

The candidate events must have four tracks with zero net charge and at least one π0,53

for e+e− → ωχc1,2 channels, the extra photon is required. The tracks with a momentum54

larger than 1 GeV/c are identified as from χcJ , otherwise are pions from ω decays. A 5C-55

kinematic fit is performed to constrain the total four-momentum of the four charged tracks56

and the π0 candidate to that of the initial e+e− system, and the invariant mass of the two57

photons is constrained to the π0 nominal mass. If more than one candidate exist in the58

final state, the best ones are selected by minimizing the χ2
5C of the kinematic fit. For the59

channel e+e− → ωχc0, the two tracks from χc0 are assumed to be π+π− or K+K− pairs.60

If χ2
5C(π

+π−) < χ2
5C(K

+K−), the event is identified as originating from the π+π− mode,61

otherwise it is from the K+K− mode. The χ2
5C is required to be less than 100. For the62

channel e+e− → ωχc1,2, to separate e from µ, the energy deposition in the EMC for muon63

candidates is required to be less than 0.4 GeV, and that for the electron candidates is larger64

than 1 GeV. The χ2
5C of the candidate events is required to be less than 60.65

Background for e+e− → ωχc0 channel is studied by using the inclusive MC samples at66 √
s = 4.23, 4.26 and 4.36 GeV, the main background after imposing event selections is found67

to be e+e− → ωπ+π−/ωK+K−, where π+π− or K+K− are not from χc0 decays. The scatter68

plots of the invariant mass of π+π−π0 versus the invariant mass of π+π− or K+K− for data69

at
√
s = 4.23 and 4.26 GeV are shown in Fig. 1. A clear accumulation of events can be seen70

around the intersection of the ω and χc0 regions, which implies ωχc0 signals. The candidate71

is required to be in ω signal region, defined as 0.75 ≤ M(π+π−π0) ≤ 0.81 GeV/c2.72
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FIG. 1: Scatter plots of the π+π−π0 invariant mass versus π+π− (left) and K+K− (right) invariant
mass at

√
s = 4.23 GeV (top two) and

√
s = 4.26 GeV (bottom two). The dashed lines denote the

ω and χc0 mass bands.

Figure 2 shows M(π+π−) and M(K+K−) at
√
s = 4.23 and 4.26 GeV after imposing all73

requirements. An unbinned maximum likelihood fit is performed to the π+π− and K+K−
74

modes simultaneously. The signal is described with a shape determined from the simulated75

signal MC sample. The background is described by an ARGUS function m
√

(1− (m/m0)2)·76

e(k(1−(m/m0)2))·θ(m < m0) [19], wherem0 is fixed to the threshold and the other parameter k is77
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Ecm = 4.26 GeV
TABLE I: The luminosities, efficiencies, number of observed events, radiative correction factors,
and cross sections for data at

√
s = 4.23 and 4.26 GeV. Here the first errors are statistical and the

second systematic.
√
s (GeV) L(pb−1) ϵππ(ϵKK)(%) Nobs (1 + δ) σ (pb)

4.23 1047± 10 25.3 (24.7) 125.3± 13.5 0.8 59.2± 6.4± 6.3
4.26 826± 6 23.4 (22.4) 45.5± 10.2 0.9 25.0± 5.6± 3.2

TABLE II: The luminosities, the efficiencies, number of observed events, number of estimated
background, upper limit on the number of the signal events, radiative correction factors, and
upper limits on cross section at each energy point.

√
s(GeV) L(pb−1) ϵππ (ϵKK) (%) Nobs Nbkg Nup (1+δ) σup(pb)

4.21 54.55± 0.54 25.8 (25.0) 7 6 7.6 0.7 79
4.22 54.13± 0.54 26.0 (25.0) 7 6 7.3 0.7 79
4.245 55.59± 0.56 24.8 (24.2) 6 5 6.9 0.9 65
4.31 44.90± 0.45 15.5 (15.0) 5 3 7.3 1.5 71
4.36 539.84± 5.40 7.2 (6.7) 29 31 11.0 3.2 8.9
4.39 55.18± 0.55 3.6 (3.6) 2 1 4.6 6.1 37
4.42 44.67± 0.45 1.8 (1.8) 0 2 1.3 12.4 13

For the channel e+e− → ωχc1,2, after all the event selections are applied, the main103

backgrounds stem from e+e− → ππψ′, ψ′ → ππJ/ψ. To veto these backgrounds, we exclude104

the region 3.68 ≤ M recoil(π+π−) ≤ 3.70 GeV/c2 and 3.68 ≤ M(π+π−l+l−) ≤ 3.70 GeV/c2105

(l = e, µ). The J/ψ and ω signal regions are set to be [3.08, 3.12] GeV/c2 and [0.75, 0.81]106

GeV/c2, respectively. After all requirements are applied, theM(γJ/ψ) distributions for data107

at
√
s = 4.31, 4.36, 4.39 and 4.42 GeV are shown in Fig. 4. Since the data statistics are108

very limited, we provide the upper limits on the cross section at the 90% C.L. The numbers109

of observed events are obtained by counting events in the χc1 and χc2 signal regions which110

are [3.49, 3.53] and [3.54, 3.58] GeV/c2, respectively. All events in the χc1,2 signal regions111
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FIG. 3: Fit to σ(e+e− → ωχc0) with a Y (4260) resonance. The black dot is data, and the red line
is the fit result.
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TABLE I: The luminosities, efficiencies, number of observed events, radiative correction factors,
and cross sections for data at

√
s = 4.23 and 4.26 GeV. Here the first errors are statistical and the

second systematic.
√
s (GeV) L(pb−1) ϵππ(ϵKK)(%) Nobs (1 + δ) σ (pb)

4.23 1047± 10 25.3 (24.7) 125.3± 13.5 0.8 59.2± 6.4± 6.3
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TABLE II: The luminosities, the efficiencies, number of observed events, number of estimated
background, upper limit on the number of the signal events, radiative correction factors, and
upper limits on cross section at each energy point.

√
s(GeV) L(pb−1) ϵππ (ϵKK) (%) Nobs Nbkg Nup (1+δ) σup(pb)

4.21 54.55± 0.54 25.8 (25.0) 7 6 7.6 0.7 79
4.22 54.13± 0.54 26.0 (25.0) 7 6 7.3 0.7 79
4.245 55.59± 0.56 24.8 (24.2) 6 5 6.9 0.9 65
4.31 44.90± 0.45 15.5 (15.0) 5 3 7.3 1.5 71
4.36 539.84± 5.40 7.2 (6.7) 29 31 11.0 3.2 8.9
4.39 55.18± 0.55 3.6 (3.6) 2 1 4.6 6.1 37
4.42 44.67± 0.45 1.8 (1.8) 0 2 1.3 12.4 13

For the channel e+e− → ωχc1,2, after all the event selections are applied, the main103

backgrounds stem from e+e− → ππψ′, ψ′ → ππJ/ψ. To veto these backgrounds, we exclude104

the region 3.68 ≤ M recoil(π+π−) ≤ 3.70 GeV/c2 and 3.68 ≤ M(π+π−l+l−) ≤ 3.70 GeV/c2105

(l = e, µ). The J/ψ and ω signal regions are set to be [3.08, 3.12] GeV/c2 and [0.75, 0.81]106

GeV/c2, respectively. After all requirements are applied, theM(γJ/ψ) distributions for data107

at
√
s = 4.31, 4.36, 4.39 and 4.42 GeV are shown in Fig. 4. Since the data statistics are108

very limited, we provide the upper limits on the cross section at the 90% C.L. The numbers109

of observed events are obtained by counting events in the χc1 and χc2 signal regions which110

are [3.49, 3.53] and [3.54, 3.58] GeV/c2, respectively. All events in the χc1,2 signal regions111
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FIG. 3: Fit to σ(e+e− → ωχc0) with a Y (4260) resonance. The black dot is data, and the red line
is the fit result.
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e+e-→ωχc0

• observation of ωχc0 production at  
4230 MeV and 4260 MeV

• no evidence for ωχc0 at 4360 MeV

• no evidence for ωχc1,2 at 4230 or 4260 MeV

22

Belle Collaboration, PRL 110, 252002 (2013)
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The candidate events must have four tracks with zero net charge and at least one π0,53

for e+e− → ωχc1,2 channels, the extra photon is required. The tracks with a momentum54

larger than 1 GeV/c are identified as from χcJ , otherwise are pions from ω decays. A 5C-55

kinematic fit is performed to constrain the total four-momentum of the four charged tracks56

and the π0 candidate to that of the initial e+e− system, and the invariant mass of the two57

photons is constrained to the π0 nominal mass. If more than one candidate exist in the58

final state, the best ones are selected by minimizing the χ2
5C of the kinematic fit. For the59

channel e+e− → ωχc0, the two tracks from χc0 are assumed to be π+π− or K+K− pairs.60

If χ2
5C(π

+π−) < χ2
5C(K

+K−), the event is identified as originating from the π+π− mode,61

otherwise it is from the K+K− mode. The χ2
5C is required to be less than 100. For the62

channel e+e− → ωχc1,2, to separate e from µ, the energy deposition in the EMC for muon63

candidates is required to be less than 0.4 GeV, and that for the electron candidates is larger64

than 1 GeV. The χ2
5C of the candidate events is required to be less than 60.65

Background for e+e− → ωχc0 channel is studied by using the inclusive MC samples at66 √
s = 4.23, 4.26 and 4.36 GeV, the main background after imposing event selections is found67

to be e+e− → ωπ+π−/ωK+K−, where π+π− or K+K− are not from χc0 decays. The scatter68

plots of the invariant mass of π+π−π0 versus the invariant mass of π+π− or K+K− for data69

at
√
s = 4.23 and 4.26 GeV are shown in Fig. 1. A clear accumulation of events can be seen70

around the intersection of the ω and χc0 regions, which implies ωχc0 signals. The candidate71

is required to be in ω signal region, defined as 0.75 ≤ M(π+π−π0) ≤ 0.81 GeV/c2.72
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FIG. 1: Scatter plots of the π+π−π0 invariant mass versus π+π− (left) and K+K− (right) invariant
mass at

√
s = 4.23 GeV (top two) and

√
s = 4.26 GeV (bottom two). The dashed lines denote the

ω and χc0 mass bands.

Figure 2 shows M(π+π−) and M(K+K−) at
√
s = 4.23 and 4.26 GeV after imposing all73

requirements. An unbinned maximum likelihood fit is performed to the π+π− and K+K−
74

modes simultaneously. The signal is described with a shape determined from the simulated75

signal MC sample. The background is described by an ARGUS function m
√

(1− (m/m0)2)·76

e(k(1−(m/m0)2))·θ(m < m0) [19], wherem0 is fixed to the threshold and the other parameter k is77
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TABLE I: The luminosities, efficiencies, number of observed events, radiative correction factors,
and cross sections for data at

√
s = 4.23 and 4.26 GeV. Here the first errors are statistical and the

second systematic.
√
s (GeV) L(pb−1) ϵππ(ϵKK)(%) Nobs (1 + δ) σ (pb)

4.23 1047± 10 25.3 (24.7) 125.3± 13.5 0.8 59.2± 6.4± 6.3
4.26 826± 6 23.4 (22.4) 45.5± 10.2 0.9 25.0± 5.6± 3.2

TABLE II: The luminosities, the efficiencies, number of observed events, number of estimated
background, upper limit on the number of the signal events, radiative correction factors, and
upper limits on cross section at each energy point.

√
s(GeV) L(pb−1) ϵππ (ϵKK) (%) Nobs Nbkg Nup (1+δ) σup(pb)

4.21 54.55± 0.54 25.8 (25.0) 7 6 7.6 0.7 79
4.22 54.13± 0.54 26.0 (25.0) 7 6 7.3 0.7 79
4.245 55.59± 0.56 24.8 (24.2) 6 5 6.9 0.9 65
4.31 44.90± 0.45 15.5 (15.0) 5 3 7.3 1.5 71
4.36 539.84± 5.40 7.2 (6.7) 29 31 11.0 3.2 8.9
4.39 55.18± 0.55 3.6 (3.6) 2 1 4.6 6.1 37
4.42 44.67± 0.45 1.8 (1.8) 0 2 1.3 12.4 13

For the channel e+e− → ωχc1,2, after all the event selections are applied, the main103

backgrounds stem from e+e− → ππψ′, ψ′ → ππJ/ψ. To veto these backgrounds, we exclude104

the region 3.68 ≤ M recoil(π+π−) ≤ 3.70 GeV/c2 and 3.68 ≤ M(π+π−l+l−) ≤ 3.70 GeV/c2105

(l = e, µ). The J/ψ and ω signal regions are set to be [3.08, 3.12] GeV/c2 and [0.75, 0.81]106

GeV/c2, respectively. After all requirements are applied, theM(γJ/ψ) distributions for data107

at
√
s = 4.31, 4.36, 4.39 and 4.42 GeV are shown in Fig. 4. Since the data statistics are108

very limited, we provide the upper limits on the cross section at the 90% C.L. The numbers109

of observed events are obtained by counting events in the χc1 and χc2 signal regions which110

are [3.49, 3.53] and [3.54, 3.58] GeV/c2, respectively. All events in the χc1,2 signal regions111
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FIG. 3: Fit to σ(e+e− → ωχc0) with a Y (4260) resonance. The black dot is data, and the red line
is the fit result.
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TABLE I: The luminosities, efficiencies, number of observed events, radiative correction factors,
and cross sections for data at

√
s = 4.23 and 4.26 GeV. Here the first errors are statistical and the

second systematic.
√
s (GeV) L(pb−1) ϵππ(ϵKK)(%) Nobs (1 + δ) σ (pb)

4.23 1047± 10 25.3 (24.7) 125.3± 13.5 0.8 59.2± 6.4± 6.3
4.26 826± 6 23.4 (22.4) 45.5± 10.2 0.9 25.0± 5.6± 3.2

TABLE II: The luminosities, the efficiencies, number of observed events, number of estimated
background, upper limit on the number of the signal events, radiative correction factors, and
upper limits on cross section at each energy point.

√
s(GeV) L(pb−1) ϵππ (ϵKK) (%) Nobs Nbkg Nup (1+δ) σup(pb)

4.21 54.55± 0.54 25.8 (25.0) 7 6 7.6 0.7 79
4.22 54.13± 0.54 26.0 (25.0) 7 6 7.3 0.7 79
4.245 55.59± 0.56 24.8 (24.2) 6 5 6.9 0.9 65
4.31 44.90± 0.45 15.5 (15.0) 5 3 7.3 1.5 71
4.36 539.84± 5.40 7.2 (6.7) 29 31 11.0 3.2 8.9
4.39 55.18± 0.55 3.6 (3.6) 2 1 4.6 6.1 37
4.42 44.67± 0.45 1.8 (1.8) 0 2 1.3 12.4 13
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(l = e, µ). The J/ψ and ω signal regions are set to be [3.08, 3.12] GeV/c2 and [0.75, 0.81]106

GeV/c2, respectively. After all requirements are applied, theM(γJ/ψ) distributions for data107

at
√
s = 4.31, 4.36, 4.39 and 4.42 GeV are shown in Fig. 4. Since the data statistics are108

very limited, we provide the upper limits on the cross section at the 90% C.L. The numbers109

of observed events are obtained by counting events in the χc1 and χc2 signal regions which110

are [3.49, 3.53] and [3.54, 3.58] GeV/c2, respectively. All events in the χc1,2 signal regions111
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FIG. 3: Fit to σ(e+e− → ωχc0) with a Y (4260) resonance. The black dot is data, and the red line
is the fit result.
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e+e-→ωχc0

• observation of ωχc0 production at  
4230 MeV and 4260 MeV

• no evidence for ωχc0 at 4360 MeV

• no evidence for ωχc1,2 at 4230 or 4260 MeV

• shape seems inconsistent with Y(4260)

22

Belle Collaboration, PRL 110, 252002 (2013)
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ωχc0 threshold

The candidate events must have four tracks with zero net charge and at least one π0,53

for e+e− → ωχc1,2 channels, the extra photon is required. The tracks with a momentum54

larger than 1 GeV/c are identified as from χcJ , otherwise are pions from ω decays. A 5C-55

kinematic fit is performed to constrain the total four-momentum of the four charged tracks56

and the π0 candidate to that of the initial e+e− system, and the invariant mass of the two57

photons is constrained to the π0 nominal mass. If more than one candidate exist in the58

final state, the best ones are selected by minimizing the χ2
5C of the kinematic fit. For the59

channel e+e− → ωχc0, the two tracks from χc0 are assumed to be π+π− or K+K− pairs.60

If χ2
5C(π

+π−) < χ2
5C(K

+K−), the event is identified as originating from the π+π− mode,61

otherwise it is from the K+K− mode. The χ2
5C is required to be less than 100. For the62

channel e+e− → ωχc1,2, to separate e from µ, the energy deposition in the EMC for muon63

candidates is required to be less than 0.4 GeV, and that for the electron candidates is larger64

than 1 GeV. The χ2
5C of the candidate events is required to be less than 60.65

Background for e+e− → ωχc0 channel is studied by using the inclusive MC samples at66 √
s = 4.23, 4.26 and 4.36 GeV, the main background after imposing event selections is found67

to be e+e− → ωπ+π−/ωK+K−, where π+π− or K+K− are not from χc0 decays. The scatter68

plots of the invariant mass of π+π−π0 versus the invariant mass of π+π− or K+K− for data69

at
√
s = 4.23 and 4.26 GeV are shown in Fig. 1. A clear accumulation of events can be seen70

around the intersection of the ω and χc0 regions, which implies ωχc0 signals. The candidate71

is required to be in ω signal region, defined as 0.75 ≤ M(π+π−π0) ≤ 0.81 GeV/c2.72
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FIG. 1: Scatter plots of the π+π−π0 invariant mass versus π+π− (left) and K+K− (right) invariant
mass at

√
s = 4.23 GeV (top two) and

√
s = 4.26 GeV (bottom two). The dashed lines denote the

ω and χc0 mass bands.

Figure 2 shows M(π+π−) and M(K+K−) at
√
s = 4.23 and 4.26 GeV after imposing all73

requirements. An unbinned maximum likelihood fit is performed to the π+π− and K+K−
74

modes simultaneously. The signal is described with a shape determined from the simulated75

signal MC sample. The background is described by an ARGUS function m
√

(1− (m/m0)2)·76

e(k(1−(m/m0)2))·θ(m < m0) [19], wherem0 is fixed to the threshold and the other parameter k is77
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Ecm = 4.26 GeV
TABLE I: The luminosities, efficiencies, number of observed events, radiative correction factors,
and cross sections for data at

√
s = 4.23 and 4.26 GeV. Here the first errors are statistical and the

second systematic.
√
s (GeV) L(pb−1) ϵππ(ϵKK)(%) Nobs (1 + δ) σ (pb)

4.23 1047± 10 25.3 (24.7) 125.3± 13.5 0.8 59.2± 6.4± 6.3
4.26 826± 6 23.4 (22.4) 45.5± 10.2 0.9 25.0± 5.6± 3.2

TABLE II: The luminosities, the efficiencies, number of observed events, number of estimated
background, upper limit on the number of the signal events, radiative correction factors, and
upper limits on cross section at each energy point.

√
s(GeV) L(pb−1) ϵππ (ϵKK) (%) Nobs Nbkg Nup (1+δ) σup(pb)

4.21 54.55± 0.54 25.8 (25.0) 7 6 7.6 0.7 79
4.22 54.13± 0.54 26.0 (25.0) 7 6 7.3 0.7 79
4.245 55.59± 0.56 24.8 (24.2) 6 5 6.9 0.9 65
4.31 44.90± 0.45 15.5 (15.0) 5 3 7.3 1.5 71
4.36 539.84± 5.40 7.2 (6.7) 29 31 11.0 3.2 8.9
4.39 55.18± 0.55 3.6 (3.6) 2 1 4.6 6.1 37
4.42 44.67± 0.45 1.8 (1.8) 0 2 1.3 12.4 13

For the channel e+e− → ωχc1,2, after all the event selections are applied, the main103

backgrounds stem from e+e− → ππψ′, ψ′ → ππJ/ψ. To veto these backgrounds, we exclude104

the region 3.68 ≤ M recoil(π+π−) ≤ 3.70 GeV/c2 and 3.68 ≤ M(π+π−l+l−) ≤ 3.70 GeV/c2105

(l = e, µ). The J/ψ and ω signal regions are set to be [3.08, 3.12] GeV/c2 and [0.75, 0.81]106

GeV/c2, respectively. After all requirements are applied, theM(γJ/ψ) distributions for data107

at
√
s = 4.31, 4.36, 4.39 and 4.42 GeV are shown in Fig. 4. Since the data statistics are108

very limited, we provide the upper limits on the cross section at the 90% C.L. The numbers109

of observed events are obtained by counting events in the χc1 and χc2 signal regions which110

are [3.49, 3.53] and [3.54, 3.58] GeV/c2, respectively. All events in the χc1,2 signal regions111
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FIG. 3: Fit to σ(e+e− → ωχc0) with a Y (4260) resonance. The black dot is data, and the red line
is the fit result.
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• Measuring (and understanding) 
transitions between states is 
essential!

• Remaining experimental 
challenges:!

• explore all possible decay 
modes of new states!

• establish Y(4260) or Y(4360) 
as a definitive source of 
transition in e+e- collisions!

• More data at a variety of Ecm 
may shed light on problem

23
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• Y(4260) is a strong source of  
ππJ/ψ in e+e- collisions!

• about 1/4 of rate is through  
π±Zc(3900)∓!

• source of ππhc in e+e- collisions 
not conclusive!

• about 1/5 of the rate is 
through π±Zc(4020)∓!

• observation of e+e- → γX(3872), 
perhaps via  Y(4260) → γX(3872)!

• observation of e+e- → ωΧc0, but 
likely not through Y(4260)

24
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nature of  Y states remains unclear
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Y(4260)!
Y(4360)

nature of  Y states remains unclear

Zc(3900)±

• narrow charged charmonium-
like structure above (DD*)± 
mass threshold (3876 MeV)!

• decays to (DD*)± and  
π±J/ψ in ratio of 6±3 : 1!

• evidence for neutral isospin 
partner!

• decay rate to π±hc
 must be at 

or below the decay rate to 
π±J/ψ!

• JP = 1+!

• production seems correlated 
with Y(4260) decay!

• no production in B±→K±Z∓ (in 
contrast to B→KX(3872))*!

Zc(4020)±

• narrow charged 
charmonium-like structure 
above D*D* mass threshold 
(4017 MeV)!

• decays to (D*D*)± and  
π±hc in ratio of 12±5 : 1!

• observation of neutral 
isospin partner Zc(4020)0!

• no apparent decay to (DD*)±!

• decay rate to π±hc
 must 

dominate π±J/ψ if it exists!

• JP unknown !

• production correlated with 
Y(4260) and/or Y(4360) 
decay?

(assuming just one object)

newly observed structures:!
presence of electric charge rules out 
conventional charm anti-charm state

*BaBar Collaboration, PRD 79, 112001 (2009)
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Global Context

• Other charged charmonium-like states:!

• Zc(4430)±→ψ’π± discovered by Belle in 2008, not confirmed by 
BaBar, but recently confirmed by LHCb (arXiv:1404.1903)!

• Zc(4050)± and Zc(4250)± reported by Belle to decay to χc1π±  

but not confirmed by BaBar !

• Parallels to the bottomonium system:  
(studied by the Belle Collaboration [PRL 108, 122001 (2012)])!

• An apparent analogue of the Y(4260) exists for b quarks with a mass 
around 10.865 GeV with large decays to ππΥ(nS) and ππhb(mP)!

• Observed:  Zb(10610)± and Zb(10650)±!

• decays to both πhb(mP) and πΥ(nS)!

• heavy and charged:  not just bottom anti-bottom

25
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Summary of Observations
• Clear evidence for narrow structures in π±J/ψ and π±hc spectra whose 

origin is unknown!

• conspicuously close to DD* and D*D* thresholds!

• new type of QCD state or dynamically generated structure?!

• one certainty:  not conventional charmonium!

• Data are slightly suggestive of transitions between mysterious structures!

• Zc(3900)± appears to be correlated with Y(4260) decay!

• …but source of ππhc and Zc(4020)±,0 is not clear!

• possible radiative transition:  Y(4260) → γX(3872)!

• …but ωχc0 does not seem to be a product of Y(4260) decay!

• Strong similarities between charmonium and bottomonium system!

• Expect to hear more from BESIII in the near future!

26


