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Figure 1: The strong coupling constant, αS, as a function of the distance scale. Towards larger distances,
QCD becomes non-perturbative, and gives rise to spectacular phenomena such as the generation of hadron
masses and quark confinement.

1. Introduction

1.1 The strong force and QCD

The fundamental building blocks of Quantum Chromodynamics (QCD) are the quarks which
interact with each other by exchanging gluons. QCD is well understood at short-distance scales,
much shorter than the size of a nucleon (< 10−15 m). In this regime, the basic quark-gluon interac-
tion is sufficiently weak. In fact, many processes at high energies can quantitatively be described by
perturbative QCD. Perturbation theory fails when the distance among quarks becomes comparable
to the size of the nucleon. Under these conditions, in the regime of non-perturbative strong QCD,
the force among the quarks becomes so strong that they cannot be further separated (see illustra-
tion in Fig. 1). As a consequence of the strong coupling, we observe the relatively heavy mass of
hadrons, such as protons and neutrons, which is two orders of magnitude larger than the sum of
the masses of the individual quarks. This quantitatively yet-unexplained behavior is related to the
self-interaction of gluons leading to the formation of gluonic flux tubes connecting the quarks. As
a consequence, quarks have never been observed as free particles and are confined within hadrons,
i.e. the baryons containing three valence quarks or mesons containing a quark-antiquark pair.

Besides the presence of conventional hadrons consisting of three quarks, baryons, or two
quarks, mesons, the intriguing color nature of QCD allows for the existence of gluon-rich mat-
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ter, such as hybrids and glueballs, states composed of more than three quarks, or weakly bound
states composed of mesons, the so-called molecular states. Although, experimental hints for their
existence are available, there is yet no unambiguous discovery of such states. A systematic ap-
proach exploiting a clean environment and high statistics data has a good discovery potential in the
search for the new form of hadronic matter.

1.2 Charmonium: the positronium of QCD

The BESIII collaboration exploits the bound state of a charm quark (c) and a charm antiquark
(c̄), known as charmonium, to study as part of an extensive physics program the dynamics of
the strong force in an energy regime that corresponds to the transition between perturbative and
non-perturbative QCD. Charmonium is one of the most simplest two-body systems in the field
of hadronic physics. The charm quark is relatively heavy in mass, allowing theoretical analyses
that are based on a non-relativistic framework with relativistic corrections such as spin-orbit and
spin-spin forces. Moreover, the charmonium states below the open-charm threshold are narrow as
a consequence of the OZI suppression rule and, hence, can easily be identified as sharp needles
on top of a continuous background, thereby forming ideal beacons of QCD. The level scheme
of lower-lying bound charmonium states is very similar to that of positronium or the hydrogen
atom. Figure 2) gives an overview of the established mass spectrum of charmonium-like particles
in the regime that is accessible by BESIII. The charmonium states below the open-charm threshold
can be described fairly well in terms of heavy-quark potential models and rigorous lattice QCD
calculations. Precision measurements of the mass and width of the charmonium spectrum give,
therefore, access to the confinement potential in QCD. In addition, the various charmonium states
with well-defined spin and parity serve as ideal systems to study via their decay modes the validity
of perturbative QCD and to probe the light-quark sector as well. For more details concerning the
underlying motivation of exploiting charmonium, I refer to Ref. [1].

2. The BESIII experiment

BEPCII is a two-ring e+e− collider designed for a peak luminosity of 1033 cm−2s−1 at a
center-of-mass energy of 3770 MeV. The cylindrical core of the BESIII detector consists of a
helium-gas-based drift chamber, a plastic scintillator time-of-flight system, and a CsI(Tl) electro-
magnetic calorimeter, all enclosed in a superconducting solenoidal magnet providing a 1 T mag-
netic field. The solenoid is supported by an octagonal flux-return yoke with resistive plate counter
muon identifier modules interleaved with steel. The charged particle and photon acceptance is 93%
of 4π , and the charged particle momentum and photon energy resolutions at 1 GeV are 0.5% and
2.5%, respectively. More details on the features and capabilities of BESIII are provided in Ref. [2].
Both the BEPCII facility and the BESIII detector are major upgrades of the BESII detector and the
BEPC accelerator. The first collisions with the complete setup took place in July of 2008. The first
physics production runs started in the first half of 2009. Already during writing of this paper, the
amount of data samples collected for the J/ψ , ψ(3686), and ψ(3770) is significantly larger than
that obtained by the CLEO collaboration, thereby reaching a new world record in statistics.
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Figure 2: The mass spectrum of charmonium(-like) states in the energy interval available in BESIII and
as a function of their spin-parity, JPC. The yellow boxes represent charmonium states predicted by theory
and confirmed by experiment. The grey boxes are those charmonium states that are predicted but not yet
discovered. The red boxes are discovered charmonium-like states which nature is still mysterious. The
dashed line indicates the open-charm (DD̄) threshold. The figure is taken from a presentation by R. Mitchell.
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3. Highlights in charmonium spectroscopy and decays

In this paper, I discuss a few of the highlights that were obtained within the charmonium
spectroscopy and decays program of BESIII. This program of BESIII resulted so far in a variety of
papers that can be found in Refs. [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
23, 24, 25, 26, 27, 28, 29]. The bulk of the activities below the open-charm threshold focuses on
precision measurements of the properties of charmonium states, such as their masses, total widths,
line shapes, and partial decay rates. This data provide an excellent basis to reveal the details of
the confinement potential, to perform perturbative QCD tests, and to study systematically non-
perturbative, long-distance, contributions within a controlled environment. In addition, new states
were discovered or confirmed with a large discovery potential above the open-charm threshold.

3.1 The ground state and its first radial excitation of charmonium, ηc(1S,2S)

Our present knowledge on the basic properties, such as mass and width, of the vector meson
states (JPC = 1−−) of charmonium is excellent due to the huge amount of data available. In contrary,
the properties of the pseudo-scalar (JPC = 0−+) charmonium states, including the ground state of
charmonium and its radial excitation (ηc(1S,2S)), are poorly understood. For a large part this is due
to the fact that these states cannot be populated directly via e+e− annihilations. One can, however,
study these states indirectly in e+e− experiments via two-photon fusion, B decays, or, as pursued
with BESIII, via the magnetic-dipole (M1) transition ψ(1S,2S)→ γηc.

Previously published measurements of the mass and width of the ground state, ηc(1S), show
large discrepancies among the various channels that were employed in the corresponding experi-
ments [30]. The large statistics of BESIII allow to make a detailed study of the line shape of the
ηc(1S) via the channel ψ(3686)→ γηc(1S) with the ηc decaying in six exclusive channels. Fig-
ure 3 shows the result of the analysis. In all the decays, a clear signal from the ηc can be observed
with a small amount of background. Note that the ηc signal has an obviously asymmetric shape:
there is a long tail on the low-mass side while on the high-mass side the ηc signal drops rapidly
and the data dips below the expected level of the smooth background, suggesting a possible inter-
ference with a non-resonant contribution. A fit was performed for which the signal is described
by a Breit-Wigner (BW) convolved with a resolution function and including the possibility of an
interference with a non-resonant background. The statistical significance of the interference was
found to be 15σ . Although, the nature of this interfering non-resonant contribution is not well
understood yet, the high-statistics BESIII results show that a naive fit including a BW signal to-
gether with a smooth background assumption could result a misleading value for the mass and
width of the extracted ηc resonance parameters. With the fitting procedure of BESIII a mass of
M=2984.3±0.6(stat.)±0.6(syst.) MeV/c2 and a width of Γ=32.0±1.2(stat.)±1.0(syst.) MeV were
extracted. The BESIII results are consistent with that from photon-photon fusion and B decays.
Using this measurement together with the world-average Jpsi mass [30], one obtains for the S-
wave hyperfine mass splitting a value of ∆Mh f (1S)=M(J/ψ)−M(ηc)=112.6±0.8 MeV/c2, which
agrees well with recent lattice computations [31, 32, 33] and sheds light on the spin-dependent
interactions in quarkonium states. More details can be found in Ref. [14].

The experimental database on the first radially excited state of the ground state, ηc(2S), is
scarce. The ηc(2S) was first observed by the Belle collaboration in the process B±→ K±ηc(2S)
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FIG. 1: The M(Xi) invariant mass distributions for the decays KSK+π−, K+K−π0, ηπ+π−, KSK+π+π−π−, K+K−π+π−π0

and 3(π+π−), respectively, with the fit results (for the constructive solution) superimposed. Points are data and the various
curves are the total fit results. Signals are shown as short-dashed lines; the non-resonant components as long-dashed lines;
and the interference between them as dotted lines. Shaded histograms are (in red/yellow/green) for (continuum/π0Xi/other
ψ′ decays) backgrounds. The continuum backgrounds for KSK+π− and ηπ+π− decays are negligible.

γγJ/ψ, and the possible discrepancy is described by a
smearing Gaussian, where a non-zero mean value indi-
cates a mass offset, and a non-zero σ represents the MC-
data difference in the mass resolution. Possible bias due
to the event selection or fitting procedure is checked by
MC simulation with large statistics. We find that the
mass is slightly shifted (< 0.3 MeV/c2) from the input
value, while the resulting width is consistent with the in-
put. The shift in mass is added in the smearing Gaussian
for each decay separately. By varying the parameters of
the smearing Gaussian from the expected value, we es-
timate the uncertainties. From a large number of tests,
the variance of the resulting mass (width), 0.38 MeV/c2

(0.27 MeV), is taken as a systematic error in mass
(width) for the mass scale uncertainty. A 0.35 MeV/c2

(0.60 MeV) systematic error in mass (width) is assigned
due to the mass resolution uncertainty.

The systematic error due to the fit is estimated by
varying the range and changing the fitting procedure.
The changes, 0.05 MeV/c2 in mass and 0.07 MeV in
width, are assigned as systematic errors. A mass-
dependent efficiency is used in the fit. By removing the
efficiency correction from the fitting PDF, the changes,
which are 0.05 MeV/c2 in mass and 0.06 MeV in width,
are taken as systematic errors. The stability of the si-
multaneous fit program is checked by repeating the fit a
thousand times with random initialization; the variances
of mass and width, 0.14 MeV/c2 and 0.66 MeV, respec-

tively, are taken as systematic errors.

Assuming all these sources are independent, their sum
in quadrature is taken as the total systematic error. We
obtain the ηc mass and width

mass = 2984.3 ± 0.6 ± 0.6 MeV/c2,

Γ = 32.0 ± 1.2 ± 1.0 MeV,

where the first errors are statistical and the second are
systematic.

The relative phases for constructive interference or de-
structive interference from each mode are consistent with
each other within 3σ, which may suggest a common phase
in all the modes under study. A fit with a common phase
(i.e. the phases are constrained to be the same) describes
the data well, with a χ2/ndf = 303.2/279. Comparing to
the fit with separately varying phases for each mode, we
find the statistical significance for the 5 additional phases
to be 3.1σ. The fit yields M = 2983.9 ± 0.6(stat.) ±
0.6(syst.) MeV/c2, Γ = 31.3±1.2(stat.)±0.9(syst.) MeV,
and φ = 2.40±0.07(stat.)±0.08(syst.) rad (constructive)
or φ = 4.19 ± 0.03(stat.) ± 0.09(syst.) rad (destructive).
The physics behind this observation is yet to be under-
stood.

In summary, we measure the ηc mass and width to
high precision via ψ′ → γηc. We obtain M = 2984.3 ±
0.6(stat.)±0.6(syst.) MeV/c2 and Γ = 32.0±1.2(stat.)±

Figure 3: The M(Xi) invariant mass distributions for various decays, Xi, with the fit results superimposed.
Points are data and the various curves are the total fit results. Signals are shown as short-dashed lines; the
non-resonant components as long-dashed lines; and the interference between them as dotted lines. Shaded
histograms are various backgrounds studied independently. The figure is taken from Ref. [14].

with ηc(2S)→K0
S K±π∓ [34] and later on confirmed in the two-photon production of K0

S K±πm p [35,
36] and in the double-charmonium production process e+e−→ J/ψcc̄ [37, 38]. A controversial ob-
servation of the ηc(2S) was made in the past with the crystal ball setup. This experiment performed
an inclusive measurement of the energy spectrum of photons in ψ(3686) decays and found a peak
that corresponds to a missing mass of 3592±5 MeV/c2 which they attributed to an observation
of the ηc(2S) [39]. Surprisingly, this measurement of the ηc(2S) mass turns out to be signifi-
cantly smaller than all the ones measured by Belle, BaBar, and CLEO. With the statistics collected
with BESIII and the capability of the setup to study exclusive channels, a first observation of the
M1 transition was made possible in the reaction ψ(3686)→ γηc(2S) with ηc(2S)→ KK̄π . The
results are depicted in Fig. 4. Besides the strong and well-understood background signals from
the χc1,2 resonances and from initial and final-state radiative background processes, a clear peak
can be observed in the expected mass region of the ηc(2S). A simultaneous likelihood fit results
in a measurement of the ηc(2S) mass of M=3637.6±2.9(stat.)±1.6(syst.) MeV/c2 and a width of
Γ=16.9±6.4(stat.)±4.8(syst.) MeV. In addition, a first measurement of the branching fraction of the
M1 transition ψ(3686)→ γηc(2S) resulted in B=(6.8±1.1(stat.)±4.5(syst.))×10−4 where the rela-
tively large systematic error stems from the uncertainty of the branching fraction of ηc(2S)→KK̄π

which was taken from a BaBar measurement [40]. More details of the BESIII observation and
corresponding measurements can be found in Ref. [18]. More recently, the BESIII collaboration
made an observation of the ηc(2S) via the exclusive process ψ(3686)→ γK0

S K+π−π+π− [29].
The extracted mass and width of this measurement were found to be within two and one standard
deviations, respectively, from the measurements of the first ηc(2S) observation of BESIII.
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FIG. 1: The invariant-mass spectrum for K0
SK±π∓ (left panel), K+K−π0 (right panel), and the simultaneous likelihood fit to

the three resonances and combined background sources as described in the text.

TABLE I: The absolute systematic uncertainties in the ηc(2S)
mass (in MeV/c2), width (in MeV) and the relative sys-
tematic error (in %) in BB, the product branching fraction
B(ψ(3686) → γηc(2S)) × B(ηc(2S) → KK̄π), measurements.

Source Mass Width BB
Background shape 1.3 2.6 9.9
Damping function 0.7 4.0 19.6
Fitting range 0.1 0.4 1.3
Mass shift 0.6 0.2 0.4
Tracking - - 4.0
Photon reconstruction - - 1.3
Particle identification - - 1.3
K0

S reconstruction - - 2.3
Kinematic fitting - - 3.9
ηc(2S) decay dynamics - - 1.5
Number of ψ(3686) events - - 4.0
Total 1.6 4.8 23.3

is treated as phase space in our default signal MC, is esti-
mated with an alternative MC replicating the Dalitz dis-
tribution of ηc(2S) → K0

SK±π∓ decay recently measured
by the Belle collaboration [28]. A 0.8% (3.0%) relative
difference in the efficiency was found between the default
and alternative MC samples for K0

SK±π∓ (K+K−π0),
leading to a 1.5% difference in the total branching ratio,
which we take as a systematic error. Finally, there is
an overall 4% uncertainty in the branching fraction as-
sociated with the determination of the total number of
ψ(3686) events in our data sample [17].

We assume that all the sources of systematic uncertain-
ties are independent and combine them in quadrature to
obtain the overall systematic uncertainties given in Ta-
ble I. The total systematic uncertainties on the mass and
width measurements are 1.6 MeV/c2 and 4.8 MeV, re-
spectively; the total relative systematic uncertainty on
the product branching fraction B(ψ(3686) → γηc(2S)) ×

B(ηc(2S) → KK̄π) is 23.3%. Using the measurement of
B(ηc(2S) → KK̄π) = (1.9 ± 0.4 ± 1.1)% from the BaBar
experiment [29], we find an M1-transition branching frac-
tion of B(ψ(3686) → γηc(2S)) = (6.8± 1.1± 4.5)× 10−4,
where the systematic error is dominated by that of the
BaBar result.

In summary, we report the first observation of the
M1 transition ψ(3686) → γηc(2S) through the decay
processes ψ(3686) → γK0

SK±π∓ and γK+K−π0. We
measure the mass of the ηc(2S) to be 3637.6 ± 2.9 ±
1.6 MeV/c2, the width 16.9 ± 6.4 ± 4.8 MeV, and the
product branching fractions B(ψ(3686) → γηc(2S)) ×
B(ηc(2S) → KK̄π) = (1.30 ± 0.20 ± 0.30) × 10−5, where
the quoted uncertainties are statistical and systematic,
respectively. The main systematic limitations to these
measurements arise from the choice of the functional
form for the damping factor in the ηc(2S) line shape
and from uncertainty in the choice of the background
line shapes. Our results are consistent with previously
published values and limits, and the branching-fraction
measurement of the M1 transition ψ(3686) → γηc(2S)
of (6.8 ± 1.1 ± 4.5) × 10−4 agrees with theoretical cal-
culations and naive estimates based on the J/ψ → γηc

transition [15].

We would like to thank S. Eidelman and A. Vinokurova
for supplying the details of the Dalitz plot of ηc(2S) →
K0

SK±π∓ decay from the Belle experiment. The BESIII
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National Natural Science Foundation of China (NSFC)
under Contracts Nos. 10625524, 10821063, 10825524,
10835001, 10935007, 11125525; Joint Funds of the Na-
tional Natural Science Foundation of China under Con-
tracts Nos. 11079008, 11179007; the Chinese Academy
of Sciences (CAS) Large-Scale Scientific Facility Pro-

Figure 4: The invariant mass spectrum for K0
S K±πm p (left panel), K+K−π0 (right panel), and the simul-

taneous likelihood fit to the three resonances and combined background sources. The figure is taken from
Ref. [18].

3.2 The singlet P-wave state of charmonium, hc

One of the important aspects related to quark confinement is the spin structure of the qq̄ po-
tential. The role of the spin-dependence in the hyperfine splitting of the P-waves is of partic-
ular interest. For this purpose, a precise measurement of the mass and decay channels of the
singlet-P resonance, hc, is of extreme importance. This state has been studied by the BESIII col-
laboration via the isospin-forbidden transition, ψ(3686)→ π0hc. The results of this analysis are
shown in Fig. 5. Clear signals have been observed for this decay with and without the subse-
quent radiative decay, hc→ γηc. This has led to a measurement of the mass and the total width of
the hc of M=3525.40±0.13(stat.)±0.18(syst.) MeV/c2 and Γ=0.73±0.45(stat.)±0.28(syst.) MeV
(<1.44 MeV at 90% C.L.), respectively. Furthermore, for the first time the branching fractions
of the decays ψ(3686)→ π0hc and hc → γηc were determined and found to be B(ψ(3686)→
π0hc) = (8.4± 1.3± 1.0)× 10−4 and B(hc → γηc) = (54.3± 6.7± 5.2)%, respectively. For a
more detailed discussion, I refer to Ref. [3].

More recently, the process ψ(3686)→ π0hc followed by hc→ γηc was re-analyzed by BESIII
with an exclusive-reconstruction technique. For this, the signal-to-background ratio was improved
drastically by selecting 16 exclusive hadronic decays of the ηc. The results of this work are shown
in Fig. 6. A clear signal from the hc can be observed with an improved significance with respect to
the data shown in Fig. 5. This analysis resulted in the world’s best determination of the hc mass of
M=3525.31±0.11(stat.)±0.14(syst.) MeV/c2 and a width of Γ=0.70±0.28(stat.)±0.22(syst.) MeV.
With this mass measurement together with the very-well determined masses of the triplet P-waves
in charmonium, χc0,1,2, one finds for the 1P-wave hyperfine mass splitting a value of ∆Mh f≡<
M(13P) > −M(11P1) = −0.01±0.11(stat.)±0.15(syst.) MeV/c2, which is consistent with the ab-
sence of a strong spin-spin interaction. Details of the analysis and results can be found in Ref. [23].

3.3 Two- and three-photon decays of charmonium

Decays of positronium to more than one photon are regarded as ideal test-beds for quantum
electrodynamics (QED). Similarly, the multi-photon decays of charmonium states can serve as
promising processes to test the strong-force equivalent of QED, namely QCD [1]. In general, multi-
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(momentum p(π0) ! 84 MeV/c) and fitting the distri-
bution of masses recoiling against the π0. The yield of
ψ′ → π0hc, hc → γηc is determined with the same tech-
nique on events containing a ∼ 500 MeV photon.

We model BESIII with a Monte Carlo (MC) simulation
based on Geant4 [15, 16]. EvtGen [17] is used to generate
ψ′ → π0hc events with an hc mass of 3525.28 MeV/c2 [11]
and a width equal to that of the χc1 (0.9 MeV). The E1
transition hc → γηc (assumed branching ratio 50%) is
modeled with EvtGen, with an angular distribution in
the hc frame of 1 + cos2 θ. Other hc decays are sim-
ulated by PYTHIA [17]. The ηc decay parameters are
set to Particle Data Group values [6], with known modes
simulated by EvtGen and the remainder by PYTHIA.
Backgrounds are studied with a sample of ψ′ generated
by KKMC [18] with known decays modeled by EvtGen
and other modes generated with Lundcharm [17].

Charged tracks in BESIII are reconstructed from MDC
hits. To optimize the momentum measurement, we select
tracks in the polar angle range | cos θ| < 0.93 and require
that they pass within ±10 cm of the interaction point in
the beam direction and within ±1 cm in the plane per-
pendicular to the beam. Electromagnetic showers are
reconstructed by clustering EMC crystal energies. Effi-
ciency and energy resolution are improved by including
energy deposits in nearby TOF counters. Showers used in
selecting E1-transition photons and in π0 reconstruction
must satisfy fiducial and shower-quality requirements.
Showers in the barrel region (| cos θ| < 0.8) must have
a minimum energy of 25 MeV, while those in the end-
caps (0.86 < | cos θ| < 0.92) must have at least 50 MeV.
Showers in the region between the barrel and endcap
are poorly reconstructed and are excluded. To elimi-
nate showers from charged particles, a photon must be
separated by at least 10◦ from any charged track. EMC
cluster timing requirements suppress electronic noise and
energy deposits unrelated to the event. Diphoton pairs
are accepted as π0 candidates if their reconstructed mass
satisfies 120 < Mγγ < 145 MeV/c2, approximately equiv-
alent to 1.5 (2.0) standard deviations on the low-mass
(high-mass) side of the mass distribution. A 1-C kine-
matic fit with the π0 mass constrained to its nominal
value is used to improve the energy resolution.

Candidate events must have at least two charged
tracks, with at least one passing the fiducial and vertex
cuts. For selection of inclusive π0 events we demand at
least two photons passing the above requirements, with
at least three photons for E1-tagged candidate events. To
suppress continuum background, the total energy depo-
sition in the EMC must be greater than 0.6 GeV. Back-
ground events from ψ′ → π+π−J/ψ and π0π0J/ψ are
suppressed by requiring that the π+π− (π0π0) recoil mass
be outside the range 3097±7 MeV/c2 (3097±15 MeV/c2).

To improve the signal-to-noise ratio, photons used in
signal π0 candidates must be in the barrel and have en-
ergies greater than 40 MeV. For the inclusive analysis,
π0 candidates are excluded if either daughter photon can
make a π0 with another photon in the event. Figure 1

shows the inclusive π0 recoil mass spectra after applying
the above selection criteria. For the E1-tagged selection
(Fig. 1 (a)), we require one photon in the energy range
465 − 535 MeV, demanding that it not form a π0 with
any other photon in the event. Because E1-tagged events
have reduced background, we keep them even if daughter
photons can be used in more than one π0 combination,
choosing the candidate with the minimum 1-C fit χ2.
Events with more than one π0 in the 3.500−3.555 GeV/c2

recoil-mass region are excluded.
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FIG. 1. (a) The π0 recoil mass spectrum and fit for the E1-
tagged analysis of ψ′ → π0hc, hc → γηc; (b) the π0 recoil mass
spectrum and fit for the inclusive analysis of ψ′ → π0hc. Fits
are shown as solid lines, background as dashed lines. The
insets show the background-subtracted spectra.

The π0 recoil mass spectra (Fig. 1) are fitted by an
unbinned maximum likelihood method. Because of its
lower background, the E1-tagged fit is used to extract
the mass and width of the hc, which are then fixed for
the inclusive fit. For the E1-tagged fit, the signal is pa-
rameterized as a Breit-Wigner function with the mass
and width free, convoluted with a detector resolution
function obtained from MC simulation. The background
shape is obtained from the π0 recoil mass spectrum with
no photons in the signal region of 400 − 600 MeV and
at least one good photon in the signal-free region be-
low 400 MeV and above 600 MeV. The upper and lower
limits of the accepted ranges were varied to assess pos-
sible systematic uncertainty. The results of this fit are
a yield of E1-tagged hc decays of NE1 = 3679 ± 319
and hc parameters M(hc) = 3525.40 ± 0.13 MeV/c2 and
Γ(hc) = 0.73±0.45 MeV, where the errors are statistical.
The fit quality assessed with the binned distribution of
Fig. 1(a) is χ2/d.o.f. = 33.5/36 (p-value 58.8%), and the
statistical significance of the hc signal is 18.6σ. The fit

Figure 5: (a) The π0 recoil mass spectrum and fit for the E1-tagged analysis of ψ(3686)→ π0hc, hc→ γηc;
(b) the π0 recoil mass spectrum and fit for the inclusive analysis of ψ(3686)→ π0hc. Fits are shown as solid
lines, background as dashed lines. The insets show the background-subtracted spectra. Figures are taken
from Ref. [3] and described there in more detail.

photon decays provide a clean tool to study the nature of interquark forces via the annihilation of
the c and c̄ quarks. For this reason, the BESIII collaboration has studied various multi-photon
decays of charmonium states below the open-charm threshold.

A precision measurement of the two-photon widths of the triplet P-waves in charmonium
via the processes χc0,2→ γγ have been performed in analog to the corresponding triplet states of
positronium. In lowest order, for both positronium and charmonium, the ratio of the two-photon
decays R(0)

th = Γ(3P2→γγ)
Γ(3P0→γγ)

= 4/15≈ 0.27 [1]. Any discrepancy from this simple lowest order predic-
tion can arise due to QCD radiative corrections and relativistic corrections. Hence, a measurement
on R and a comparison with theory, allows to systematically test such corrections and will, thereby,
guide the development of QCD theory.

With BESIII, one can access the χc states via the electric-dipole (E1) transition ψ(3686)→
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TABLE I: Event-selection requirements for each exclusive channel.

Mode χ2
4C PID π+π−J/ψ veto π0π0J/ψ veto γχc2 veto π0 veto for E1 photon η → π+π−π0 veto

pp̄ 30 N(p) ≥ 1 no no yes no no

π+π−π+π− 60 N(π) ≥ 3 yes yes yes yes yes

K+K−K+K− 60 N(K) ≥ 3 no no no yes no

K+K−π+π− 40 N(K) ≥ 2, N(π) ≥ 0 yes yes yes yes yes

pp̄π+π− 30 N(p) ≥ 2, N(π) ≥ 0 yes yes yes yes yes

π+π−π+π−π−π− 50 N(π) ≥ 4 yes yes no yes yes

K+K−π+π−π−π− 70 N(K) ≥ 2, N(π) ≥ 2 yes no no no no

K+K−π0 50 N(K) ≥ 1 no yes no no no

pp̄π0 40 N(p) ≥ 1 no yes yes yes no

K0
SK±π∓ 70 − no no no no yes

K0
SK±π∓π±π∓ 50 − no no yes no no

π+π−η 50 − no no no yes no

K+K−η 70 N(K) ≥ 1 no no yes yes no

π+π−π+π−η 30 − yes no no yes no

π+π−π0π0 40 − yes yes yes yes yes

π+π−π+π−π0π0 60 − yes yes no yes no
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FIG. 1: The π0 recoil mass spectrum in ψ(3686) → π0hc, hc → γηc, ηc → Xi summed over the 16

final states Xi. The dots with error bars represent the π0 recoil mass spectrum in data. The solid

line shows the total fit function and the dashed line is the background component of the fit.

IV. EXTRACTION OF YIELDS AND RESONANCE PARAMETERS

We obtain the hc mass, width and branching ratios from simultaneous fits to the π0 recoil
mass distributions for the 16 exclusive ηc decay modes. Here only 1-C kinematic fits with
π0 mass hypothesis are used to improve the energy resolution. The 4C-fits used in event
selection are not used in the π0 recoil mass reconstruction, because the energy resolution of

8

Figure 6: The π0 recoil mass spectrum in ψ(3686)→ π0hc, hc → γηc, ηc → Xi summed over 16 various
final states Xi. The dots with error bars represent data, the solid line shows the total fit function, and the
dashed line is the background component of the fit. The figure is taken from Ref. [23].

γχc, and look for its subsequent decay into photons, e.g. χc → γγ . Figure 7 shows
the results obtained with BESIII. The figure depicts the energy distribution of the can-
didate E1-transition photon, γ1, whereby additionally two photons have been registered.
Clearly, one observes strong signals from the processes χc0,2 → γγ . The decay χc1 →
γγ cannot be observed, which can be explained by the Landau-Yang theorem. BESIII
finds branching fractions of B(χc0 → γγ)=(2.24±0.19(stat.)±0.15(syst.))×10−4 and B(χc2 →
γγ)=(3.21±0.18(stat.)±0.22(syst.))×10−4, which both agrees with the less-precise results from
the CLEO experiment [41]. With these branching fractions, one obtains a value of R = 0.27±0.04,
where various systematic errors cancel out. Although, the experimental measurement of R agrees
with the lowest-order prediction of R(0)

th , it deviates significantly with the first-order predictions
including radiative corrections, R(1)

th = 0.116±0.010 [1]. In addition, the BESIII data allow for the
first time a helicity amplitude analysis for the decay ψ(3686)→ γχc2 with χc2 → γγ . The ratio
of the two-photon partial widths for the helicity-zero and helicity-two components in the decay
χc2→ γγ is determined to be f0/2=0.00±0.02(stat.)±0.02(syst.). Note that the helicity-zero com-
ponent is highly suppressed, which observation is consistent with relativistic potential calculations.
For a detailed description, I refer to [17].

The two-photon decay of the ηc(1S)→ γγ is experimentally very challenging and it is one of
the key benchmarks for BESIII to demonstrate its capabilities. Since the ηc(1S) cannot be created
directly in e+e− annihilations, one has to exploit the suppressed radiative M1 transitions of the

9
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FIG. 1: Upper plot: the fitted Eγ1 spectrum for the ψ′ data
sample. The expected positions of Eγ1 from χc0, χc1, χc2 are
indicated by arrows. The dashed curve shows the background
line shape fixed to the shape in Fig. 2. Lower plot: the num-
ber of standard deviations, χ, of data points from the fitted
curves.
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FIG. 2: The background Eγ1 spectrum. The points are from
the off-ψ′ data. The curve is from a fit to the ψ(3770) data.

background subtraction. Table III lists a summary of
all sources of systematic uncertainties. Most systematic
uncertainties are determined from comparisons of spe-
cial clean, high statistics samples with results from MC
simulations.

The number of ψ′ events, Nψ′ , used in this analysis
is determined from the number of inclusive hadronic ψ′

TABLE II: Results of the present measurements. The first
error is statistical, second is systematic, and third is due to
the PDG values used. The common systematic errors have
been removed in determining R. B1 ≡ B(ψ′ → γχc0,2), B2 ≡
B(χc0,2 → γγ), Γγγ ≡ Γγγ(χc0,2 → γγ).

Quantity χc0 χc2

B1 × B2 × 105 2.17±0.17±0.12 2.81±0.17±0.15
B2 × 104 2.24±0.19±0.12±0.08 3.21±0.18±0.17±0.13
Γγγ (keV) 2.33±0.20±0.13±0.17 0.63±0.04±0.04±0.04
R 0.271±0.029±0.013±0.027
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FIG. 3: The Eγ1 spectrum for the radiative photon in the
samples ψ′ → γ1χc0,2,χc0,2 → K+K−.

TABLE III: Summary of systematical uncertainties of the
branching fraction measurements. Asterisks denote the sys-
tematic sources common to both χc0 and χc2.

Source of Systematic Uncertainty χc0 χc2

Number of ψ′∗ 4.0% 4.0%
Neutral trigger efficiency∗ 0.1% 0.1%
Photon detection ∗ 1.5% 1.5%
Kinematic fit ∗ 1.0% 1.0%
Resonance fitting 3.2% 2.9%
Peaking background 0.3% 0.1%
Helicity 2 assumption - 0.4%
Sum in quadrature 5.5% 5.3%

decays following the procedure described in detail in [14].
The result is Nψ′ = (1.06 ± 0.04) × 108, where the error
is systematic.

Three photons in the final states include a soft pho-
ton γ1 from the radiative transition and two energetic
photons γ2γ3 from χc0,2 decays. The photon detection
efficiency and its uncertainty for low energy photons
are studied using three different methods described in
Ref. [28]. On average, the efficiency difference between
data and MC simulation is less than 1% [28]. The mo-
menta of the two energetic photons are more than 1.5
GeV/c. The systematic uncertainty due to the recon-
struction of two energetic photons is determined to be
0.25% per photon as described in Ref. [29]. The total un-
certainty associated with the reconstruction of the three
photons is 1.5%.

The uncertainty due to the kinematic fit is estimated
using a sample of e+e− → γγ(γ), which has the same
event topology as the signal. We select the sample by
using off-ψ′ data taken at

√
s = 3.65 GeV to determine

the efficiency difference between data and MC for the
requirement of χ2

4C < 80 in the 4C-fit. The uncertainty
due to kinematic fitting determined in this way is 1%.

Since the signal shapes are obtained from ψ′ → γχc0,2,
χc0,2 → K+K− events in the data, the uncertainty due
to the signal shape is negligible. The shape of the contin-
uum background is parameterized using the data-driven
function in Eq. (2); the parameters obtained in the fit-

Figure 7: The upper plot shows the fitted Eγ1 spectrum for the ψ(3686) data sample. The expected positons
of Eγ1 from χc0,1,2 are indicated by arrows. The dashed curve shows the background line shape and the
solid curve the result of the full fit. The lower plot illustrates the quality of the fit by plotting the number of
standard deviations, χ , of data points with respect to the fitted curve. The figure is taken from Ref. [17] and
described there in more detail.

vector-meson states of charmonium. With BESIII, the ηc(1S)→ γγ channel has been studied via
the cascade process ψ(3686)→ π+π−J/ψ with J/ψ → γηc(1S) and, eventually, ηc(1S)→ γγ .
Although, BESIII also has taken a large data sample at the J/ψ mass, the additional ψ(3686)→
π+π−J/ψ has the advantage of tagging exclusively on the J/ψ . Also note that the branching
fraction of the π+π− is relatively large (34%). Besides the two-photon decay of the ηc(1S), the
same study also provides access to the direct three-photon transition of the J/ψ → 3γ . Note that
the charge conjugation of the J/ψ does not allow an annihilation of the cc̄ into two photons. The
photon energy spectrum of the J/ψ → 3γ can as well be used to study the internal structure of the
J/ψ , since the value of the photon energy is a measure for the distance between the quarks.

Figure 8 shows a key ploy of the J/ψ → 3γ analysis. The figure shows the projections of
a two-dimensional maximum likelihood fit that was performed on the distributions with respect
to the two-photon invariant mass, M(γγ)lg, of the two photons with the highest energy, and the
chisquare of the four-constraint kinematic fit, χ2

4C. The fit was used to estimate the yields of the
direct J/ψ → 3γ process and the cascade channel J/ψ → γ(γγ)ηc(1S). Although the data suffer
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the selection requirements if the two photons from one
π0 decay are nearly collinear or if one of the π0s is
very soft. Since the J/ψ → γπ0π0 branching frac-
tion is large, this remains a large source of background.
In order to model this background, taking advantage
of the structure of intermediate resonances, a partial
wave analysis (PWA) [18] is performed on a γπ0π0

sample based on 2.25 × 108 J/ψ events recorded at
the J/ψ resonance at BESIII [19]. The intermediate
states f0(600), f2(1270), f0(1500), f ′

2(1525), f0(1710),
f2(1950), f0(2020), f2(2150) and f2(2340) are probed
and measured in the γπ0π0 final states of J/ψ de-
cays. For the control samples of J/ψ → γπ0π0 in
ψ(3686) → π+π−J/ψ decays, looking at the distributions
of M(π0π0) and cos θ, Fig. 2 shows excellent agreement
between data and MC simulation which incorporates the
PWA results. Here, M(π0π0) is the invariant mass of two
π0 and θ is the polar angle of the π0 with respect to the
beam axis. Decays of J/ψ → γfJ , fJ → γγ are negligible
because of their extremely small branching fractions [8].

The χ2
4C value can be used to separate the 3γ from

the γπ0π0 final states, and the M(γγ)lg distribution can
be used to distinguish J/ψ → γ(γγ)ηc from the direct
process J/ψ → 3γ. A two-dimensional maximum likeli-
hood fit is therefore performed on the M(γγ)lg and χ2

4C

distributions to estimate the yields of J/ψ → 3γ and
J/ψ → γ(γγ)ηc . For the fit, the shapes of both signal
and background processes are taken from MC simula-
tion; the normalization of J/ψ → γ(γγ)π0/η/η′ is fixed
to the expected density based on MC simulation as list-
ed in Table I; and the normalization of J/ψ → γπ0π0

is allowed to float. Backgrounds of non-J/ψ decays
are estimated using the M(π+π−)recoil sidebands within
[2.994, 3.000] GeV/c2 and [3.200, 3.206] GeV/c2. Figure 3
shows the projections of the two-dimensional fit results
and Table II lists the numerical results. The χ2 per de-
gree of freedom corresponding to the fit is 318/349. The
statistical significance of J/ψ → 3γ (J/ψ → γ(γγ)ηc) is
8.3σ (4.1σ), as determined by the ratio of the maximum
likelihood value and the likelihood value for a fit under
the null hypothesis. When the systematic uncertainties
are included, the significance becomes 7.3σ (3.7σ). The
branching fraction is calculated using

B =
nobs

Nψ(3686) × B(ψ(3686) → π+π−J/ψ) × ε
(2)

where nobs is the observed number of events, Nψ(3686)

is the number of ψ(3686) events [11], and ε is the de-
tection efficiency. The branching fraction for ψ(3686) →
π+π−J/ψ is taken from the PDG [8]. Simulation of di-
rect J/ψ → 3γ decay assumes the lowest order matrix
element is similar to the decay of ortho-positronium to
three photons [20].

Sources of systematic uncertainty in the measurement
are listed in Table III. For the process J/ψ → 3γ, there
is no explicit theoretical input for the matrix element.
The signal model used in the simulation determines the
uncertainty in estimating the detection efficiency. In the
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FIG. 2. The π0π0 invariant mass spectrum (left) and the
angular distribution of the π0 in the laboratory frame (right)
for the ψ(3686) → π+π−J/ψ, J/ψ → γπ0π0 control sample,
for data (points with error bars) and PWA results (solid line).
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FIG. 3. (color online) Projection of the two-dimensional fit
to χ2

4C (left) and M(γγ)lg (right) for data (points with er-
ror bars) and the fit results (thick solid line). The (dark
red) dotted-dashed, (red) dashed and (blue) dotted lines show
contributions from J/ψ → 3γ, J/ψ → γηc → 3γ, and
J/ψ → γπ0π0, respectively. The stacked histogram repre-
sents the backgrounds from J/ψ → γπ0/η/η′ (light shaded
and green) and non-J/ψ decays (dark shaded and violet).

kinematic phase space in the Dalitz-like plot of Fig. 1(e),
the detection efficiency, ε, is formulated as

ε =
∑

i,j

N ij

∑
i,j N ij

εij =

∑
i,j nij

∑
i,j

nij

εij

(3)

where N ij = nij

εij is the number of acceptance-corrected

signals, nij is the number of observed signals, and εij is
the detection efficiency in kinematic bin (i, j). MC stud-
ies show that εij ranges from 34.0% to 39.1%. Given a
sufficient yield, Eq. (3) would provide a realistic unbi-
ased ε from the weighted sum of εij . However, this is
not applicable in this work due to the low statistics of
the signal yield. With a reasonable assumption that sig-
nal yields are continuously distributed over the full phase
space in Fig. 1(d), the maximum relative change of εij ,
15%, is taken as the systematic uncertainty. For the case
of J/ψ → γηc, its decay mechanism is well understood
and the corresponding uncertainty is negligible.

The invariant mass of the ηc in the J/ψ → γηc decay is
assumed to have a relativistic Breit-Wigner distribution,
weighted by a factor of E∗3

γ multiplied by a damping

Figure 8: The left panel shows the chisquare distribution of a four-constraint fit, χ2
4C and the right panel

shows the two-photon invariant mass, M(γγ)lg, both for the process ψ(3686)→ π+π−J/ψ with J/ψ→ 3γ .
The data are indicated as points with error bars and the results of a multi-dimensional fit are shown as thick
solid lines. The (dark red) dotted-dashed, (red) dashed and (blue) dotted lines show contributions from
J/ψ→ 3γ , J/ψ→ γηc, and J/ψ→ γπ0π0, respectively. The stacked histogram represents the backgrounds
from J/ψ → γπ0/η/η ′ (light shaded and green) and non-J/ψ decays (dark shaded and violet). This figure
is taken from Ref. [25] and described there in more detail.

from well-understood background sources from the decays J/ψ → γπ0π0 and J/ψ → γπ0/η/η ′,
the fit provides a clear evidence of the presence of contributions from the two- and three-photon
decays of the ηc(1S) and J/ψ , respectively. The branching fraction of the direct decay of J/ψ →
3γ is measured to be B(J/ψ → 3γ)=(11.3±1.8±2.0)×10−6, which is consistent with and more
accurate than the result from CLEO [42]. The measured relative branching fraction B(J/ψ →
3γ)/B(J/ψ → e+e−) is incompatible with expectations including first-order QCD corrections,
pointing to a need for further improvements of the QCD radiative and relativistic corrections. More
details can be found at Ref. [25].

3.4 Charmed-meson loops and isospin-violating transitions

Isospin is known to be a good symmetry in the charmonium states below the DD̄-production
threshold. The decay rates of isospin-symmetry breaking modes are in general found to be very
small. For example, the branching fraction of the isospin-violating transition ψ(3686)→ π0J/ψ

is known to much smaller than the branching fraction to other hadronic transitions such as the
ψ(3686)→ π+π−J/ψ process.

Although the isospin-breaking is found to be very small for the light charmonium states, the
mysterious X(3872) resonance above the DD̄ threshold decays predominantly via the transition
X(3872)→ π+π−J/ψ where the invariant-mass spectrum of the π+π− pair shows a clear ρ sig-
nature [43] and, hence, is compatible with an isospin-violating decay. A possible scenario is that
the X(3872) is a molecular state composed of a bound D∗0-D̄0 meson pair. Such an explanation
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Fig. 3: (Color online) Mγγ distributions and fit results. (a) ψ′ → π0J/ψ, J/ψ → e+e−, (b) ψ′ →
π0J/ψ, J/ψ → µ+µ−, (c) ψ′ → ηJ/ψ, J/ψ → e+e−, (d) ψ′ → ηJ/ψ, J/ψ → µ+µ−, where the points

with error bars are data, and the solid (red) curves are the total fit results, and the dashed curves

are the fitted background shapes. The hatched histograms represents dominant background events

obtained from MC simulation and J/ψ mass sidebands.

A. SYSTEMATIC ERRORS

The main sources of systematic uncertainty originate from the number of ψ′ events, the
trigger efficiency, the lepton tracking, photon reconstruction, kinematic fitting, uncertainties of
the branching fractions for π0(η) → γγ and J/ψ → e+e−(µ+µ−), and the selection and fitting
procedures.

The uncertainty on the number of ψ′ events is 0.81% as reported in Ref. [17]. Trigger
efficiency uncertainty is 0.15% as reported in Ref. [26]. The photon reconstruction uncertainty
is determined to be 1% per photon in Ref. [23], and, thus, the two-photon final state is assigned
an uncertainty of 2%. The tracking efficiency of the hard leptons is studied using a control
sample of ψ′ → π+π−J/ψ, J/ψ → e+e−(µ+µ−) decays. The tracking efficiency ε is calculated
as ε = Nfull/Nall, where Nfull indicates the number of π+π−l+l− events with all final tracks
reconstructed successfully; and Nall indicates the number of events with one or both charged
lepton tracks successfully reconstructed in addition to the pion-pair. The difference in tracking
efficiency between data and MC is calculated bin-by-bin over the distribution of transverse
momentum versus the polar angle of the lepton tracks. By this method, tracking uncertainties
are determined to be 0.14% (0.20%) and 0.16% (0.19%) for ψ′ → π0J/ψ, J/ψ → e+e−(µ+µ−)
and ψ′ → ηJ/ψ, J/ψ → e+e−(µ+µ−), respectively.

Some differences are observed between data and MC χ2 distributions from the kinematic
fit. These differences are mainly due to inconsistencies in the lepton track parameters between
MC and data. We apply correction factors for various µ± (e±) track parameters that are ob-
tained from control ψ′ → π+π−J/ψ data samples, where J/ψ → e+e−(µ+µ−). The correction
factors are found by smearing the MC simulation output so that the pull distributions prop-

Figure 9: Two-photon invariant-mass (Mγγ ) distributions and fit results. (a) ψ(3686)→ π0J/ψ with J/ψ→
e+e−, (b) ψ(3686)→ π0J/ψ with J/ψ→ µ+µ−, (c) ψ(3686)→ ηJ/ψ with J/ψ→ e+e−, (d) ψ(3686)→
ηJ/ψ with J/ψ→ µ+µ−, where the points with error bars are data, and the solid (red) curves are the results
of the total fit, and the dashed curves are the fitted background shapes. The hatched histograms represent
background events obtained from Monte Carlo simulations and from analyses of sidebands in the J/ψ-mass
spectrum. This figure is taken from Ref. [24] and described there in more detail.

is particularly popular since the mass of the X(3872) is only slightly less than the sum of the D0

and D∗0 masses, pointing to a state that is weakly bound by the exchange of a color-neutral meson,
similar to the deuteron. Moreover, in such a scenario, the strong isospin-breaking decay rate of
the X(3872) could be explained by the large mass gap between the D0∗− D̄0 and the D∗+−D−

(D+−D∗−) thresholds. A better understanding of the isospin-breaking mechanism in a controlled
system, such as charmonium, could be crucial to shed light on the true nature of the X(3872).

A non-relativistic effective-field theoretical (NREFT) study by the Jülich and IHEP groups
showed that intermediate (virtual) charmed-meson loops can be a dominant source for the isospin
breaking. Detailed studies of different isospin-violating transitions in charmonium below the open-
charm threshold and the effect of virtual charmed-meson loops on the widths of the transitions are
described in [44, 45]. These NREFT calculations are based on a first estimate exploiting diagrams
involving the lowest-lying pseudoscalar and vector charmed mesons following heavy-quark sym-
metry and chiral symmetry. With a complete effective field theory including Goldstone bosons,
charmonia, and charmed mesons as the degrees of freedom, it would be possible in the future to
make a rigorous interpretation of the nature of the XY Z states, such as the X(3872), and, moreover,
to extract the light-quark masses from quarkonia decays. Currently, for such a theory, quantita-
tive predictions on individual branching fractions of isospin-forbidden decays of charmonium are
difficult to make, because the information on the coupling constants fψDD between different char-
monium states and DD-mesons is limited. The theory requires constraints from experimental data,
in particular from measurements of decay rates of various isospin-violating transitions in charmo-
nium.
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The BESIII collaboration has started a campaign to provide the best measurements of the
isospin-forbidden transition rates below the open-charm threshold. Besides the decay ψ(3686)→
π0hc, presented earlier in this paper, the most precise measurement of the branching fraction
of the isospin-forbidden decay ψ(3868)→ π0J/ψ with J/ψ → l+l− was recently published by
the BESIII collaboration [24]. In addition, the branching fraction of the isospin-allowed decay
ψ(3868) → ηJ/ψ was extracted. Figure 9 depicts the two-photon invariant mass spectra that
were analyzed to extract the corresponding branching fractions. In all channels, a clear signal
can be observed on top of a smooth background. Using this data, BESIII obtained the branch-
ing fractions B(ψ(3686)→ π0J/ψ)=(1.26±0.02(stat.)± 0.03(syst.))×10−3 and B(ψ(3686)→
ηJ/ψ)=(33.75±0.17(stat.)±0.86(syst.))×10−3. The branching fraction ratio R = B(ψ(3686)→
π0J/ψ)/B(ψ(3686)→ηJ/ψ) was determined to be (3.74±0.06(stat.)±0.04(syst.))×10−2. These
results indicate that contributions from charmed-meson loops are a possible mechanism for the
dominant source of isospin violation [44].

3.5 Terra incognita

The activities below the open-charm threshold are mainly focussed towards precision charmo-
nium studies and light-hadron spectroscopy. The physics case above the open-charm threshold is
for a large part devoted to new discoveries. One of the current interests of BESIII is to study the
nature of the so-called Y (4260). This state was discovered via the initial-state-radiation (ISR) pro-
cess e+e−→ γISRπ+π−J/ψ by the BaBar collaboration [46, 47] and confirmed by CLEO [48, 49],
and Belle [50]. Unlike other charmonium states with the same quantum numbers in the same mass
region, such as the ψ(4040),ψ(4160), and ψ(4415), the Y (4260) state does not have a natural
place within the quark model of charmonium. Furthermore, while being well above the DD̄ thresh-
old, the Y (4260) shows strong coupling to the π+π−J/ψ final state, but relatively small coupling
to open charm decay modes. These aspects could point to an unconventional state, for instance, a
charmonium hybrid.

Starting from the end of 2012, data were taken at a center-of-mass energy of
√

s=4260 MeV.
The first 525 pb−1 of luminosity at this energy gave already unexpected results. To the surprise
of the BESIII collaboration, a new state was discovered in the invariant-mass spectrum of the
π±J/ψ pair [51] (see Fig. 10). The structure has a mass of (3899±3.6(stat.)±4.9(syst.)) MeV/c2

and a width of (46±10(stat.)±20(syst.)) MeV. The intriguing aspect of the state is that it couples
to charmonium and that it has an electric charge, which is suggestive of a state containing more
quarks than just a charm and an anti-charm quark. Also the Belle collaboration and the CLEO
experiment reported short after the announcement by BESIII on a new observation of a charged
charmonium-like state at a similar mass [52, 53]. Likely, many new discoveries and insights are to
be expected in the upcoming years.

4. Summary

Since the discovery of charmonium in November 1974, the field of hadron and particle physics
exploiting systems made from charm quarks has made a tremendous progress. Meanwhile, all the
expected charmonium states below the open-charm threshold have been discovered, and for most
of them, the basic resonance parameters are well studied with high statistics data from experiments
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FIG. 3: One dimensional projections of the M(π+J/ψ), M(π−J/ψ), and M(π+π−) invariant mass distributions in e+e− → π+π−J/ψ
for data in the J/ψ signal region (dots with error bars), data in the J/ψ sideband region (shaded histograms), and phase space MC simulation
(red dot-dashed histograms). The pink blank histograms show a MC simulation of the Zc(3900) signal with arbitrary normalization.
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FIG. 4: Fit to the Mmax(π
±J/ψ) 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 background from the fit; the red dot-
dashed histogram shows the result of a phase space MC simulation;
and the green shaded histogram shows the normalized J/ψ sideband
events.

Zc(3900) CM frame. The background shape is parameterized
as a/(x − 3.6)b + c + dx, where a, b, c, and d are free pa-
rameters and x = Mmax(π

±J/ψ). The efficiency curve is
considered in the fit and the possible interference between the
signal and background is neglected. Figure 4 shows the fit re-
sults; the fit yields a mass of (3899.0 ± 3.6) MeV/c2, and a
width of (46 ± 10) MeV. The goodness-of-the-fit is found to
be χ2/ndf = 32.6/37 = 0.9.
The number of Zc(3900) events is determined to be

N(Zc(3900)±) = 307±48. The production ratio is calculated
to beR = σ(e+e−→π±Zc(3900)

∓→π+π−J/ψ)
σ(e+e−→π+π−J/ψ) = (21.5±3.3)%,

where the efficiency correction has been applied. The statisti-
cal significance is calculated by comparing the fit likelihoods
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 8σ.

Fitting the M(π+J/ψ) and M(π−J/ψ) distributions sep-
arately, one obtains masses, widths, and production rates of
the Zc(3900)+ and Zc(3900)− that agree with each other
within statistical errors. Dividing the sample into two dif-
ferent M(π+π−) regions (below and above M2(π+π−) =
0.7 GeV2/c4) allows us to check the robustness of the
Zc(3900) signal in the presence of two different sets of inter-
fering π+π−J/ψ amplitudes. In both samples, the Zc(3900)
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 20 ± 11 MeV. We attribute the systematic shifts
in mass and width to interference between the Zc(3900)π
and (π+π−)J/ψ amplitudes. In fitting the π±J/ψ projec-
tion of the Dalitz plot, our analysis averages over the en-
tire π+π− spectrum, and our measurement of the Zc(3900)
mass, width, and production fraction neglects interference
with other π+π−J/ψ amplitudes.
The systematic errors for the resonance parameters of the

Zc(3900) come from the mass calibration, parametrization
of the signal and background shapes, and the mass resolu-
tion. The uncertainty from the mass calibration can be esti-
mated using the difference between the measured and known
J/ψ masses (reconstructed from e+e− and µ+µ−) and D0

masses (reconstructed from K−π+). The differences are
(1.4 ± 0.2) MeV/c2 and −(0.7 ± 0.2) MeV/c2, respectively.
Since our signal topology has one low momentum pion, as
in D0 decay, and a pair of high momentum tracks from the
J/ψ decay, we assume these differences added in quadrature
is the systematic error of the Zc(3900) mass measurement
due to tracking. Doing a fit by assuming a P-wave between
the Zc(3900) and the π, and between the J/ψ and π in the
Zc(3900) system, yields a mass difference of 2.1 MeV/c2,
a width difference of 3.7 MeV, and production ratio differ-
ence of 2.6% absolute. Assuming the Zc(3900) couples
strongly with DD̄∗ results in an energy dependence of the
total width [25], and the fit yields a difference of 2.1 MeV/c2

for mass, 15.4 MeV for width, and no change for the pro-
duction ratio. We estimate the uncertainty due to the back-
ground shape by changing to a third-order polynomial or a
phase space shape, varying the fit range, and varying the re-

Figure 10: The invariant-mass distribution of the π±J/ψ pair in e+e− → π+π−J/ψ at a center-of-mass
energy of 4.26 GeV. For each event, only the maximum mass is taken out of the two combination from the
two charged pions. Dots with error bars are data; the red solid curve shows the total fit; the red dot-dashed
histogram shows the result of a phase space Monte Carlo simulation; and the green shaded histogram shows
the normalized J/ψ sideband events. This figure is taken from Ref. [51] and described there in more detail.

such as Belle, BaBar, CLEO, and BESIII. Also, from the theoretical side, progress has been made.
Precise calculations based on first principles are fastly becoming available, such as lattice QCD
and effective-field theoretical approaches. The future challenges in charmonium spectroscopy are
in finding and understanding the states above the open-charm threshold, in particular the recently
discovered XY Z states and the many so-far unobserved higher lying charmonium states.

This paper reviews a few of the highlights obtained with BESIII. In particular, the paper sum-
marizes the measurements that were performed on the pseudo-scalar charmonium states, the singlet
P-wave, two- and three photon decays, isospin-violating transitions, and the recent BESIII activi-
ties at a center-of-mass energy of

√
s=4.26 GeV. BESIII is presently one of the leading experiments

in the field of charmonium spectroscopy and decays and has collected a world-record on data at
various energies, resulting in precision studies and new discoveries.
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