
P
o
S
(
B
E
A
U
T
Y
 
2
0
1
1
)
0
4
0

BESIII: “charming” physics at an e+e− collider
machine

Johan Messchendorp∗ for the BESIII Collaboration
KVI/University of Groningen, Zernikelaan 25, 9747 AA Groningen, The Netherlands.
E-mail: messchendorp@kvi.nl

Despite the successes of the standard model, the non-perturbative dynamics of the strong inter-
action are not fully understood yet. Charmonium spectroscopy serves as an ideal tool to shed
light on the dynamics of the strong interaction such as quark confinement and the generation of
hadron masses. The BESIII collaboration studies extensively the strong interaction and various
aspects that could shed light on physics beyond the standard model via copious e+e− collisions
at the BESIII/BEPCII facility in Beijing, China, in the charmonium mass regime. We present a
few of the recent results with the emphasis on charmonium spectroscopy studies using 106×106

ψ ′ events.
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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.

1. Introduction

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.

The level scheme of lower-lying bound c̄c states, charmonium, is very similar to that of positro-
nium. These charmonium states can be described fairly well in terms of heavy-quark potential
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models. Precision measurements of the mass and width of the charmonium spectrum give, there-
fore, 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.

2. The BESIII experiment

BEPCII is a two-ring e+e− collider designed for a peak luminosity of 1033 cm−2s−1 at a beam
current of 0.93 A. The cylindrical core of the BESIII detector [1] consists of a helium-gas-based
drift chamber, a plastic scintillator time-of-flight system, and a CsI(Tl) electromagnetic calorimeter,
all enclosed in a superconducting solenoidal magnet providing a 1.0 T magnetic 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. 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 ′, and ψ(3770) is significantly larger than that obtained by
the CLEO collaboration, thereby reaching a new world record in statistics.

3. Some recent results

The BESIII collaboration has published so-far a variety of papers with many new results in
the field of charmonium spectroscopy and charmonium decays [2–10]. A number of new hadronic
states were discovered or confirmed, and various decay properties were measured for the first time
or with a better precision than published before. In addition, many data analyses are in an advanced
stage and will lead to a rich set of new publications in the near future. Here, we show only a small
fraction of the published results, thereby, illustrating the potential of the BESIII experiment.

3.1 The hc charmonium state

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 particular
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 collabora-
tion via the isospin-forbidden transition, ψ ′ → π◦hc. The results of this analysis are shown in
Fig. 2. Clear signals have been observed for this decay with and without the subsequent radia-
tive 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± 0.18 MeV/c2 and Γ = 0.73± 0.45± 0.28 MeV (<1.44 MeV at 90%
C.L.), respectively. Furthermore, for the first time the branching fractions of the decays ψ ′→ π◦hc

and hc → γηc were determined and found to be B(ψ ′ → π◦hc) = (8.4± 1.3± 1.0)× 10−4 and
B(hc → γηc) = (54.3± 6.7± 5.2)%, respectively. The measured 1P hyperfine mass splitting
∆Mh f ≡< M(13P) > −M(11P1) = −0.10±0.13±0.18 MeV/c2 is consistent with there being no
strong spin-spin interaction. For a more detailed discussion, we refer to Ref. [2].
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(momentum p(!0) ! 84 MeV/c) and fitting the distri-
bution of masses recoiling against the !0. The yield of
"! " !0hc, hc " #$c 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
"! " !0hc events with an hc mass of 3525.28 MeV/c2 [11]
and a width equal to that of the %c1 (0.9 MeV). The E1
transition hc " #$c (assumed branching ratio 50%) is
modeled with EvtGen, with an angular distribution in
the hc frame of 1 + cos2 &. Other hc decays are sim-
ulated by PYTHIA [17]. The $c 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 "! 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 &| < 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. E!-
ciency and energy resolution are improved by including
energy deposits in nearby TOF counters. Showers used in
selecting E1-transition photons and in !0 reconstruction
must satisfy fiducial and shower-quality requirements.
Showers in the barrel region (| cos &| < 0.8) must have
a minimum energy of 25 MeV, while those in the end-
caps (0.86 < | cos &| < 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 !0 candidates if their reconstructed mass
satisfies 120 < M!! < 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 !0 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 !0 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 "! " !+!#J/" and !0!0J/" are
suppressed by requiring that the !+!# (!0!0) 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 !0 candidates must be in the barrel and have en-
ergies greater than 40 MeV. For the inclusive analysis,
!0 candidates are excluded if either daughter photon can
make a !0 with another photon in the event. Figure 1

shows the inclusive !0 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 !0 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 !0 combination,
choosing the candidate with the minimum 1-C fit %2.
Events with more than one !0 in the 3.500$3.555 GeV/c2

recoil-mass region are excluded.
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FIG. 1. (a) The !0 recoil mass spectrum and fit for the E1-
tagged analysis of "! ! !0hc, hc ! #$c; (b) the !0 recoil mass
spectrum and fit for the inclusive analysis of "! ! !0hc. Fits
are shown as solid lines, background as dashed lines. The
insets show the background-subtracted spectra.

The !0 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 !0 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
"(hc) = 0.73±0.45 MeV, where the errors are statistical.
The fit quality assessed with the binned distribution of
Fig. 1(a) is %2/d.o.f. = 33.5/36 (p-value 58.8%), and the
statistical significance of the hc signal is 18.6'. The fit

Figure 2: (a) The π◦ recoil mass spectrum and fit for the E1-tagged analysis of ψ ′→ π◦hc, hc→ γηc; (b)
the π◦ recoil mass spectrum and fit for the inclusive analysis of ψ → π◦hc. Fits are shown as solid lines,
background as dashed lines. The insets show the background-subtracted spectra. Figures are taken from
Ref. [2] and described there in more detail.

3.2 The radiative decays ψ ′→ γP with P = {π◦,η ,η ′}

The radiative decay of the ψ ′ to a pseudo-scalar meson, such as the π◦, η , and η ′, is of interest
since it provides a system to study the two-gluon coupling to cc̄ states, to study the η−η ′ mixing
angle, and to probe the π◦ form factor in the time-like region. Recently, the CLEO collaboration
reported measurements for the decays of J/ψ , ψ ′, and ψ ′′ to γP [11], and no evidence for ψ ′→ γη

or γπ◦ was found. With BESIII, the processes ψ ′→ γπ◦ and ψ ′→ γη are observed for the first
time with signal significances of 4.6σ and 4.3σ , respectively, and with branching fractions of
B(ψ ′→ γπ◦) = (1.58±0.40±0.13)×10−6 and B(ψ ′→ γη) = (1.38±0.48±0.09)×10−6. With
a measured branching fraction, B(ψ ′ → γη ′) = (126± 3± 8)× 10−6, the BESIII collaboration
determined for the first time the ratio of the η and η ′ production rates from ψ ′ decays, Rψ ′ ≡
B(ψ ′ → γη)/B(ψ ′ → γη ′) = (1.10± 0.38± 0.07)%. This ratio is below the 90% C.L. upper
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Figure 5: Mass distributions of the pseudo-scalar meson candidates for  0 ! �P : �⌘ [ a): ⌘ ! ⇡+⇡�⇡0; b):
⌘ ! ⇡0⇡0⇡0], �⌘0 [ c): ⌘0 ! �⇡+⇡�; d): ⌘0 ! ⇡+⇡�⌘, ⌘ ! ��], �⇡0 [ e): ⇡0 ! ��]. For more details see 12.

and B(�c1 ! �!) = (2.2 ± 0.6 ± 0.2) ⇥ 10�5 are also observed for the first time. This analysis
is described in details in 10.

7  0 ! �P, P = ⇡0, ⌘, ⌘0 ; ⌘ ! ⇡+⇡�⇡0, ⌘ ! 3⇡0, ⌘0 ! �⇡+⇡�, ⌘0 !
⇡+⇡�⌘ (⌘,⇡0 ! ��)

The processes  0 ! �⇡0 and  0 ! �⌘ are observed for the first time with signal significances
of 4.6� and 4.3� (Fig. 5), and branching fractions B( 0 ! �⇡0) = (1.58 ± 0.40 ± 0.13) ⇥ 10�6

and B( 0 ! �⌘) = (1.38 ± 0.48 ± 0.09) ⇥ 10�6, respectively; the first errors are statistical and
the second ones systematic. The branching fraction B( 0 ! �⌘0) = (126 ± 3 ± 8) ⇥ 10�6 is
measured as well, leading for the first time to the determination of the ratio of the ⌘ and ⌘0

production rates from  0 decays, R 0 = B( 0 ! �⌘)/B( 0 ! �⌘0) = (1.10 ± 0.38 ± 0.07)%; such
ratio is below the 90% C.L. upper bound determined by the CLEO Collaboration 11 and one
order of magnitude smaller w.r.t the corresponding ⌘ � ⌘0 production ratio for the J/ decays,
RJ/ = (21.1 ± 0.9)% 11. For a detailed description of this analysis see 12.
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Figure 3: Mass distributions of the pseudo-scalar meson candidates for ψ ′→ γP: a) P = η(→ π+π−π◦); b)
P = η(→ 3π◦); c) P = η ′(→ γπ+π−); d) P = η ′(→ π+π−η(→ γγ)); d) P = π◦(→ γγ). For more details,
we refer to Ref. [3].

bound determined by the CLEO collaboration and, in contradiction to leading-order perturbative-
QCD predictions, one order of magnitude smaller than the corresponding ratio for the J/ψ decays,
RJ/ψ = (21.1±0.9)%. More details on the data analysis can be found in Ref. [3].

3.3 The radiative decays χcJ → γV with V = {ρ,ω,φ}

The copious number of ψ ′ events obtained with BESIII, allows one to study in great detail
the decays of the P-wave χcJ states with J = 0,1,2 via the E1 transition ψ ′ → γχcJ . One of the
many physics channels that can be probed is the radiative decay of the χcJ states into light vector
mesons, ρ,ω,φ . Similar as for the radiative decay of the ψ ′ into light pseudo-scalar mesons, the
χcJ decays into light vector mesons provide access to the two-gluon coupling to cc̄ states as well
but with the difference, that the photon couples to one of the light quarks. Perturbative QCD
calculations predict the radiative branching ratios into light vector mesons to be in the range of
(0.1−15)×10−6 [12] depending on the total spin, J, of the χcJ state and the type of vector meson.
With the available BESIII data, a variety of such branching ratios can be measured. For example,
a recent analysis resulted for the first time in a branching ratio of the decay χc1 → γφ of B =

(25.8± 5.2± 2.3)× 10−6 [10]. Surprisingly, the measured branching ratio is about an order of
magnitude larger than the predictions by perturbative QCD (3.6×10−6), which could point to non-
perturbative QCD effects playing an important role in these decays. Similar observations have
been made for the decays χc1 → γρ◦ and χc1 → γω . A recent analysis gave branching ratios of
B(χc1→ γρ◦) = (228±13±22)×10−6 and B(χc1→ γω) = (69.7±7.2±6.6)×10−6 [10] which
are both significantly larger than predictions by perturbative QCD, B(χc1→ γρ◦) = 14×10−6 and
B(χc1→ γω) = 1.6×10−6 [12], and consistent with published data from CLEO [13]. For a more
detailed description of the BESIII analysis, we refer to Ref. [10].
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4. Summary and outlook

The BESIII experiment at the BEPCII facility addresses a wide range of topics in the field
of QCD and searches for new physics beyond the Standard Model via e+e− collisions. BESIII
is fully operational and is producing a rich set of data for physics studies. At present the BESIII
collaboration has collected a record on statistics on J/ψ , ψ ′, and ψ(3370) charmonium states.
These data are being exploited to provide precision measurements with a high discovery potential
in charmonium spectroscopy, charmonium decays into light hadrons, and open charm production.
Only a selection of data could be presented in this paper.

Very recently, data have been taken at a center-of-mass energy of 4010 GeV. These data could
give new insights in our understanding of the recently discovered XYZ states and will allow the
collaboration to explore the field of Ds physics. For the near future, a τ -mass scan has been
scheduled. Furthermore, additional data will be taken at the J/ψ and ψ ′ mass.
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