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Figure 1: The strong coupling constant, ¢, 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~!3 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 (¢) and a charm antiquark
(¢), 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

2871 at a

BEPCII is a two-ring e*e~ collider designed for a peak luminosity of 103* cm™
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(TI) 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 4, 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 /vy, y(3686), and y(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, J°C. 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 (DD) 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, 1.(1S,25)

Our present knowledge on the basic properties, such as mass and width, of the vector meson
states (J*C = 177) of charmonium is excellent due to the huge amount of data available. In contrary,
the properties of the pseudo-scalar (JP = 0~F) charmonium states, including the ground state of
charmonium and its radial excitation (1.(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 eTe~ experiments via two-photon fusion, B decays, or, as pursued
with BESIII, via the magnetic-dipole (M1) transition y(1S,2S) — yne.

Previously published measurements of the mass and width of the ground state, 1.(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
N.(1S) via the channel y(3686) — yn.(1S) with the 1. decaying in six exclusive channels. Fig-
ure 3 shows the result of the analysis. In all the decays, a clear signal from the 1. can be observed
with a small amount of background. Note that the 7, signal has an obviously asymmetric shape:
there is a long tail on the low-mass side while on the high-mass side the 7, 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 150. 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 7, resonance parameters. With the fitting procedure of BESIII a mass of
M=2984.31+0.6(stat.)£0.6(syst.) MeV/c? and a width of I'=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 AM),¢(18)=M (J/y) — M(1:)=112.64-0.8 MeV/c?, 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, 1.(2S), is
scarce. The 1.(2S) was first observed by the Belle collaboration in the process BX — K*1.(25)
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Figure 3: The M(X;) invariant mass distributions for various decays, X;, 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 n.(28) — KgK +77F [34] and later on confirmed in the two-photon production of KgK Eqm p 35,
36] and in the double-charmonium production process ete™ — J/wcé [37, 38]. A controversial ob-

servation of the 1.(2S) was made in the past with the crystal ball setup. This experiment performed
an inclusive measurement of the energy spectrum of photons in y(3686) decays and found a peak
that corresponds to a missing mass of 359245 MeV/c? which they attributed to an observation

of the 1n.(2S) [39]. Surprisingly, this measurement of the 7.(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 W (3686) — yn.(2S) with n.(2S) — KKx. The

results are depicted in Fig. 4. Besides the strong and well-understood background signals from
the x.1> resonances and from initial and final-state radiative background processes, a clear peak
can be observed in the expected mass region of the 1.(2S). A simultaneous likelihood fit results

in a measurement of the 1.(2S) mass of M=3637.6+2.9(stat.)£1.6(syst.) MeV/c? and a width of
I'=16.946.4(stat.)+4.8(syst.) MeV. In addition, a first measurement of the branching fraction of the

MI transition w(3686) — yn.(2S) resulted in B=(6.84-1.1(stat.)£4.5(syst.)) x 10~* where the rela-

tively large systematic error stems from the uncertainty of the branching fraction of 1.(2S) — KK7

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 1.(25) via the exclusive process W(3686) — YKIK n~nn~ [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 1.(2S) observation of BESIII.
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Figure 4: The invariant mass spectrum for KSOKin’" p (left panel), KTK~ ¥ (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, /.

One of the important aspects related to quark confinement is the spin structure of the gg 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, k., is of extreme importance. This state has been studied by the BESIII col-
laboration via the isospin-forbidden transition, y(3686) — m’h.. 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, h. — yn.. This has led to a measurement of the mass and the total width of
the h, of M=3525.4040.13(stat.)30.18(syst.) MeV/c? and I'=0.734-0.45(stat.)+0.28(syst.) MeV
(<1.44 MeV at 90% C.L.), respectively. Furthermore, for the first time the branching fractions
of the decays W (3686) — nh. and h. — yn. were determined and found to be Z(y(3686) —
7°h.) = (8.4+£1.34+1.0) x 107* and B(h. — yn.) = (54.3 £6.7 4 5.2)%, respectively. For a
more detailed discussion, I refer to Ref. [3].

More recently, the process y(3686) — 7'k, followed by h. — 1, 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 1.. The results of this work are shown
in Fig. 6. A clear signal from the /. 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 /., mass of
M=3525.3140.11(stat.)4-0.14(syst.) MeV/c? and a width of I'=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, Xco,1,2, one finds for the 1P-wave hyperfine mass splitting a value of AM, =<
M(13P) > —M(1'P;) = —0.01+0.11(stat.)+-0.15(syst.) MeV/c?, 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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Figure 5: (a) The ¥ recoil mass spectrum and fit for the E1-tagged analysis of w(3686) — n°h, h. — YNe;
(b) the 7° recoil mass spectrum and fit for the inclusive analysis of y(3686) — 7°h,. 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 ¢ and ¢ 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 X0 — YY 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
0) _ LCP—yy)

th = T(R—Yy)

tion can arise due to QCD radiative corrections and relativistic corrections. Hence, a measurement

decays R =4/15~0.27 [1]. Any discrepancy from this simple lowest order predic-

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 x, states via the electric-dipole (E1) transition y(3686) —
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Figure 6: The ¥ recoil mass spectrum in y(3686) — n°hc, h. — YN, Ne — X; summed over 16 various
final states X;. 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].

YXe» and look for its subsequent decay into photons, e.g. x. — yy. Figure 7 shows
the results obtained with BESIII. The figure depicts the energy distribution of the can-
didate El-transition photon, 7;, whereby additionally two photons have been registered.
Clearly, one observes strong signals from the processes x.o — YY. The decay x. —
Yy cannot be observed, which can be explained by the Landau-Yang theorem. BESIII
finds branching fractions of (). — }’7)=(2.24j:0.19(stat.)iO.15(syst.))><10_4 and B —
77)=(3.2140.18(stat.)£0.22(syst.)) x 10~#, 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 Rt(g), it deviates significantly with the first-order predictions
including radiative corrections, Rt(}ll) =0.116£0.010 [1]. In addition, the BESIII data allow for the
first time a helicity amplitude analysis for the decay w(3686) — yx.» with . — yy. The ratio
of the two-photon partial widths for the helicity-zero and helicity-two components in the decay
Xc2 — VY is determined to be fj/,=0.00+0.02(stat.)4-0.02(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 n.(1S) — ¥y is experimentally very challenging and it is one of

the key benchmarks for BESIII to demonstrate its capabilities. Since the 1.(1S) cannot be created

directly in e"e™ annihilations, one has to exploit the suppressed radiative M1 transitions of the
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of E, from x> are indicated by arrows. The dashed curve shows the background line shape and the
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standard deviations, ¥, 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 1.(1S) — Yy channel has been studied via
the cascade process W (3686) — 7~ J/w with J/y — yn.(1S) and, eventually, n.(1S) — 77.
Although, BESIII also has taken a large data sample at the J/y mass, the additional y(3686) —
ntnJ/y has the advantage of tagging exclusively on the J/y. Also note that the branching
fraction of the 777~ is relatively large (34%). Besides the two-photon decay of the 1.(1S), the
same study also provides access to the direct three-photon transition of the J/y — 37. Note that
the charge conjugation of the J/y does not allow an annihilation of the ¢¢ into two photons. The
photon energy spectrum of the J/y — 3y can as well be used to study the internal structure of the
J/y, 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/y — 37 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(yy)ie, of the two photons with the highest energy, and the
chisquare of the four-constraint kinematic fit, xfc. The fit was used to estimate the yields of the
direct J/y — 3y process and the cascade channel J/y — ¥(y¥)y (15). Although the data suffer

10
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Figure 8: The left panel shows the chisquare distribution of a four-constraint fit, xfc and the right panel
shows the two-photon invariant mass, M (YY), both for the process y(3686) — ' n~J /y with J /y — 3.
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/w—3y,J/y — ., and J/y — ynx°, respectively. The stacked histogram represents the backgrounds
from J/y — yn°/n/n’ (light shaded and green) and non-J/y 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/y — ya°7° and J/w — yz°/n /7',
the fit provides a clear evidence of the presence of contributions from the two- and three-photon
decays of the n.(15) and J/y, respectively. The branching fraction of the direct decay of J/y —
37y is measured to be Z(J/y — 3y)=(11.341.84:2.0)x 107, which is consistent with and more
accurate than the result from CLEO [42]. The measured relative branching fraction A(J/y —
3y)/B(J/w — ete™) 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 DD-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 y(3686) — 7°J/w
is known to much smaller than the branching fraction to other hadronic transitions such as the
v (3686) — w1~ J/y process.

Although the isospin-breaking is found to be very small for the light charmonium states, the
mysterious X (3872) resonance above the DD threshold decays predominantly via the transition
X(3872) — w7~ J/y where the invariant-mass spectrum of the 777~ pair shows a clear p 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**-D° meson pair. Such an explanation

11
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Figure 9: Two-photon invariant-mass (Myy) distributions and fit results. (a) y(3686) — n°J/y with J/y —
ete™, (b) w(3686) — n'J /)y with J/y — utu~, (c) w(3686) — nJ/w with J/y — e*e™, (d) y(3686) —
nJ/y with J/w — ut =, 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/y-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 D°
and D** 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 D% — D° and the D** — D~
(D" — D*7) 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 Jiilich 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 fy,pp 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 y(3686) —
n°h,, presented earlier in this paper, the most precise measurement of the branching fraction
of the isospin-forbidden decay y(3868) — 7%J/y with J/y — [*1~ was recently published by
the BESIII collaboration [24]. In addition, the branching fraction of the isospin-allowed decay
v (3868) — nJ/y 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 % (y(3686) — 7°J/w)=(1.26+0.02(stat.)+ 0.03(syst.))x 1073 and Z(y(3686) —
nJ/w)=(33.75+0.17(stat.)4-0.86(syst.)) x 10~3. The branching fraction ratio R = %(y(3686) —
7T /w)/ B (w(3686) — nJ/y) was determined to be (3.74-0.06(stat.)4-0.04(syst.)) x 1072, 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 eTe” — YsrT T J/y 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 y(4040),y(4160), and y(4415), the Y (4260) state does not have a natural
place within the quark model of charmonium. Furthermore, while being well above the DD thresh-
old, the Y (4260) shows strong coupling to the 777~ J/y 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~! 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
n'iJ/lll pair [51] (see Fig. 10). The structure has a mass of (389943.6(stat.)+4.9(syst.)) MeV/c?
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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Figure 10: The invariant-mass distribution of the 7%/ /y pair in eTe™ — 7+ n~J/y 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/y 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 1/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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