
Johan Messchendorp, KVI, Bormio Winter Meeting, January 2013

Physics with Charmonium
-

A few recent highlights of BESIII



QCD – 
Quantum Chromo Dynamics

Fundamental building blocks and force carriers

+Higgs 
candidate

-> Self coupling of gluons!

Quarks and 
gluons carry 
color charge



QCD, its consequencesQCD, its consequences



|ggg >

|qq̄g >

QCD and “exotic” hadronic matter.…

The color charge of GLUONS allows ....

GLUEBALLS

HYBRIDS



Approaches to study the strong interaction 
Fundamental questions
• quark confinement
• origin of mass 
• validity of QCD
• degrees of freedom?

Experimental techniques
• nuclear physics
• hadron spectroscopy
• hadron scattering
• electron/photon scattering
• …

Theoretical challenges
• non-perturb. QCD
• lattice QCD
• EFT & χPT

• …



Charmonium - the positronium of QCD
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Introduction to the BESIII Experiment

QCD

phenomenology

and theory

The primary goal of BESIII:  Use e+e! collisions to produce charmonium states, 

then use their properties and their decays to learn about the strong force.

accelerator

c c

CHARMONIUM

 (and the properties and the decays of 

their decay products, etc.)

Charmonium - the positronium of QCD
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Static Quark Anti-Quark Potential 

„Coulomb“ term
(due to vector nature of the gluon)

„linear“ term
(QCD confinement)

L
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+radial excitations
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Introduction to the BESIII Experiment

QCD

phenomenology

and theory

The primary goal of BESIII:  Use e+e! collisions to produce charmonium states, 

then use their properties and their decays to learn about the strong force.

accelerator

c c

CHARMONIUM

 (and the properties and the decays of 

their decay products, etc.)

Charmonium - the positronium of QCD

Narrow quantum states
  - beacons of QCD
  - hardly overlapping
  - background suppressed
  - ideal experimental probes

Heavy charm quarks
  - dominant non-relativistic
  - probes regime between
    perturbative and strong QCD

Physics!
  - confinement potential
  - search for exotic hadrons
  - QCD dynamics
  - beyond standard model



Friday, November 23, 12

Charmonium - the discovery

1974: discovery of narrow state ~3.1 GeV
          BNL (J) & SLAC (PSI)!! 

         “November Revolution” 
            in theory and experiment

1976: Nobel Prize to Ting&Richter



Friday, November 23, 12

Charmonium - the discovery

1974: discovery of narrow state ~3.1 GeV
          BNL (J) & SLAC (PSI)!! 

         “November Revolution” 
            in theory and experiment

1976: Nobel Prize to Ting&Richter

next available Greek letter was 
“iota” ι = “insignificance”
Be happy they skipped that one!



BESIII�Physics�Programs

� B (looks like DD for D or charm physics)
� E (looks like cc for charmonium physics)
� S� (for light�hadron Spectroscopy)
� T� (for tau physics,�looks�like�a�Roman�number�“III”)

From discovery to precision...



From 1974 till today: charmonium factories...



From 1974 till today: charmonium factories...
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Introduction to the BESIII Experiment

The BESIII Detector

Excellent tracking and calorimetry with

a uniform acceptance:

tracks:  #p/p = 0.58% at 1 GeV/c

photons:  #E/E = 2.5% at 1 GeV

detector

BEijing Spectrometer - III

electron
positron



From 1974 till today: charmonium factories...
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Introduction to the BESIII Experiment

The BESIII Detector

Excellent tracking and calorimetry with

a uniform acceptance:

tracks:  #p/p = 0.58% at 1 GeV/c

photons:  #E/E = 2.5% at 1 GeV

detector

BEijing Spectrometer - III

electron
positron

July 2008:    first hadronic event
March 2009: physics data taking
Now: 10-20x previous c-factories 
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Select data samples (2008-present):  
     ~500 pb−1 at 4.009 GeV
     ~2.9 fb−1 at ψ""
      225 million J/ψ decays (+ more)
      106 million ψ(2S) decays (+ more) 

first hadronic event:  July 2008

III.  From Discovery to Precision

BES III  Detector in Beijing, China
(BEPC2 e+e− collider)
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Introduction to the BESIII Experiment

QCD

accelerator

detector

data

analysis
a bigger picture

phenomenology

and theory

“charmonium ground state”

13

Kc
 

(1S)
• The lowest lying S-wave spin singlet charmonium, discovered in 

1980 by MarkII
• Parameters:

J/\
 

radiative transition: M ~ 2978.0MeV/c2,            *�~ 10MeV
JJ

 
process:                 M = 2983.1f1.0 MeV/c2,   *�= 31.3f1.9 MeV

• CLEOc found the distortion of the Kc line shape in \’ decays.
JJ���pp

\(1S, 2S)ÆJKcMass width

C.L.<0.0001C.L.=0.0014

13

Kc
 

(1S)
• The lowest lying S-wave spin singlet charmonium, discovered in 

1980 by MarkII
• Parameters:

J/\
 

radiative transition: M ~ 2978.0MeV/c2,            *�~ 10MeV
JJ

 
process:                 M = 2983.1f1.0 MeV/c2,   *�= 31.3f1.9 MeV

• CLEOc found the distortion of the Kc line shape in \’ decays.
JJ���pp

\(1S, 2S)ÆJKcMass width

C.L.<0.0001C.L.=0.0014

Even on simplest parameters
of the ground state there are 
consistency problems!
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Introduction to the BESIII Experiment

QCD

accelerator

detector

data

analysis
a bigger picture

phenomenology

and theory

�
(M

1)

light mesons

BESIII�Physics�Programs

� B (looks like DD for D or charm physics)
� E (looks like cc for charmonium physics)
� S� (for light�hadron Spectroscopy)
� T� (for tau physics,�looks�like�a�Roman�number�“III”)

“charmonium ground state”



Bottom line: must take into account distorted line-shape 
and interferences with “non-resonant” decays

KsKπ" K+K�π0" π+π�η"

KsK3π" 2K2ππ0" 6π"

arXiv:1111.0398,  PRL108, 222002 (2012) 
“charmonium ground state”
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QCD
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a bigger picture

phenomenology

and theory

arXiv:1111.0398,  PRL108, 222002 (2012) 
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III.  From Discovery to Precision

background processes, but do find dozens of decay modes
that each make small additional contributions to the back-
ground. These decays typically have additional or fewer
photons in their final states. The sum of these background
events is used to estimate the contribution from other
c ð3686Þ decays. Backgrounds from the eþe$ ! q !q con-
tinuum process are studied using a data sample taken atffiffiffi
s

p ¼ 3:65 GeV. Continuum backgrounds are found to be
small and uniformly distributed in MðXiÞ. There is also an
irreducible nonresonant background, c ð3686Þ ! !Xi, that
has the same final state as signal events. A nonresonant
component is included in the fit to the "c invariant mass.

Figure 1 shows the "c invariant mass distributions for
selected "c candidates, together with the estimated #0Xi

backgrounds, the continuum backgrounds normalized by
luminosity, and other c ð3686Þ decay backgrounds esti-
mated from the inclusive MC sample. A clear "c signal
is evident in every decay mode. We note that all of the "c

signals have an obviously asymmetric shape: there is a
long tail on the low-mass side; while on the high-mass side,
the signal drops rapidly and the data dips below the ex-
pected level of the smooth background. This behavior of
the signal suggests possible interference with the nonreso-
nant !Xi amplitude. In this analysis, we assume 100% of
the nonresonant amplitude interferes with the "c.

The solid curves in Fig. 1 show the results of an un-
binned simultaneous maximum likelihood fit in the range
from 2.7 to 3:2 GeV=c2 with three components: signal,
nonresonant background, and a combined background

consisting of #0Xi decays, continuum, and other
c ð3686Þ decays. The signal is described by a Breit-
Wigner function convolved with a resolution function.
The nonresonant amplitude is real, and is described by an
expansion to second order in Chebyshev polynomials de-
fined and normalized over the fitting range. The combined
background is fixed at its expected intensity, as described
earlier. The fitting probability density function as a func-
tion of mass (m) reads

FðmÞ ¼ $ & ½%ðmÞjei&E7=2
! SðmÞ þ 'N ðmÞj2( þBðmÞ;

where SðmÞ, N ðmÞ, and BðmÞ are the signal, the non-
resonant !Xi component, and the combined background,
respectively; E! is the photon energy,$ is the experimental
resolution, and %ðmÞ is the mass-dependent efficiency. The
E7
! multiplying jSðmÞj2 reflects the expected energy depen-

dence of the hindered-M1 transition [16], which partially
contributes to the "c low-mass tail as well as the interfer-
ence effect. The interference phase & and the strength of
the nonresonant component ' are allowed to vary in the fit.
The mass-dependent efficiencies are determined from

phase space distributed MC simulations of the "c decays.
Efficiencies obtained from MC samples that include inter-
mediate states change the resulting mass and width by
negligible amounts. MC studies indicate that the resolution
is almost constant over the fitting range. Thus, a mass-
independent resolution is used in the fit. The detector
resolution is primarily determined by MC simulation for
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FIG. 1 (color). The MðXiÞ invariant mass distributions for the decays KSK
þ#$, KþK$#0, "#þ#$, KSK

þ#þ#$#$,
KþK$#þ#$#0, and 3ð#þ#$Þ, 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 nonresonant components as long-dashed lines,
and the interference between them as dotted lines. Shaded histograms are (in red, yellow, green) for [continuum, #0Xi, other c ð3686Þ
decays] backgrounds. The continuum backgrounds for KSK

þ#$ and "#þ#$ decays are negligible.

PRL 108, 222002 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
1 JUNE 2012

222002-4

Mass and Width of the ηc(1S)

⇒ must take into account the distorted 
line-shape (E7) and interference with 
“non-resonant” decays 

    M = 2984.3 ± 0.6 ± 0.6 MeV
     Γ = 32.0 ± 1.2 ± 1.0 MeV

⇒ significant discrepancies with older 
results (e.g. PRD 62, 072001 (2000))

1 of 6
decay
modes

“charmonium ground state”
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Disagreement of experiments on the mass and with 
early findings by Crystal Ball (3594). Only marginal 
consistency with most theoretical predictions.
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(Note that a "track" in our terminology, may be
either neutral or charged. ) The final sample of
events which contain at least one neutral is 1.59
x ].0'
Tracks which are called neutral by the analysis

program are selected further before being added
to the inclusive photon energy spectrum according
to the following criteria: (a) I cos&& b„~I &0.85.
This cut selects a region of the detector which is
covered by at least two of the central charged-
tracking chambers, and also eliminates photons
which shower near the boundary between the NaI
crystals and the beam-pipe tunnel region, where
the energy resolution is poorer as a result of
shower leakage. (b) cos&z,h„g~&0.90. This cut
on the proximity of a photon to a charged track
reduces the contamination from spurious "tracks"
resulting from secondary interactions of charged
hadrons in the NaI, and also eliminates photons
which have degraded energy resolution due to
shower overlap with the shower of a charged
(hadronic or electromagnetic) particle. (c) The
pattern of the lateral shower energy deposition is

80

60
~ ~

~ ~

~ ~r

required to be consistent with that due to an elec-
tromagnetically showering particle. This criteri-
on is especially effective in reducing the residual
contamination from misidentif ied charged parti-
cles.
The g' inclusive photon energy spectrum after

the above selection is shown in Fig. 1(a). For
comparison, Fig. 1(b) shows the corresponding
spectrum for J/g decays. The most prominent
features in Fig. 1(a) are the three monochromatic
photon peaks from the g'-yy», transitions, and
a peak at 400 MeV due to the overlapping contri-
butions from the two Doppler-broadened transi-
tions g, , -y+J/g. In addition to these peaks,
there are two other statistically significant, but
less pronounced, narrow features in the spectrum.
One of these is at a photon energy of about 640
MeV, corresponding to a recoil mass of 2980
MeV, the g, candidate. "The other structure
appears at a photon energy of approximately 90
MeV, and me shall now consider this structure in
more detail.
Figure 2 shows the result of a fit to the region

containing the 90-MeV structure. A smooth back-
ground in the form of a sum of Legendre polynom-
inals up to cubic order was assumed, plus a sig-
nal term corresponding to the detector's intrinsic
line shape (approximately Gaussian)' and energy
resolution width. This fit yeilds a signal ampli-
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FIG. 1. Inclusive photon spectra measured with the
crystal ball detector: (a) in $' decays, and (b) in J/$
decays. A minimum-ionizing charged particle deposits- 200 MeV in the NaI, which accounts for the small
structure at this energy, due to a residual contamina-
tion from from misidentified charged particles.
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FIG. 2. Results of a fit (see text) to the lI|)' inclusive
photon spectrum in the region around 90 MeV: (a) Un-
subtracted spectrum (dashed line is background con-
tribution); and (b) background subtracted.
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! ! "þ"""0 (##). For the #K0
SK

#"$ channel, these
background contributions are suppressed by requiring that
the recoil mass of all"þ"" pairs be less than 3:05 GeV=c2.
For the #KþK""0 channel, this type of contamination is
removed by requiring that the invariant mass of the two
charged tracks, assuming they are muons, be less than
2:9 GeV=c2. The remaining dominant background sources
are (1) c ð3686Þ ! K0

SK
#"$ (KþK""0) events with a fake

photon candidate; (2) events with the same final states
including K0

SK
#"$#ISR=FSR (KþK""0#ISR=FSR) with the

photon from initial- or final-state radiation (ISR, FSR) and
c ð3686Þ ! !KþK" with ! ! #"0; and (3) events with
an extra photon, primarily from c ð3686Þ ! "0K0

SK
#"$

("0KþK""0) with "0 ! ##. MC studies demonstrate that
contributions from all other known processes are negligible.

The events in the first category, with a fake photon
incorporated into the kinematic fit, produce a peak in the
K0

SK
#"$ (KþK""0) mass spectrum close to the expected

!cð2SÞ mass, with a sharp cutoff due to the 25-MeV
photon-energy threshold.

Because the fake photon adds no information to the fit,
its inclusion distorts the mass measurement. We therefore
determine the mass from a modified kinematic fit in which
the magnitude of the photon momentum is allowed to
freely float (3C for #K0

SK
#"$ and 4C for #KþK""0).

In the case of a fake photon, the momentum tends to zero,
which improves the background separation with minimal
distortion of the signal line shape [16].

Background contributions from c ð3686Þ ! K0
SK

#"$

(KþK""0) and c ð3686Þ ! K0
SK

#"$#FSR (KþK""0

#FSR) are estimated with MC distributions for those
processes normalized according to a previous measure-
ment of the branching ratios [21]. FSR is simulated in
our MC generations with PHOTOS [22], and the FSR con-
tribution is scaled by the ratio of the FSR fractions in data
and MC generations for a control sample of c ð3686Þ !
#$cJ (J ¼ 0 or 1) events. For this study the $cJ is
selected in three final states with or without an extra FSR
photon, namely K0

SK
#"$ð#FSRÞ, "þ"""þ""ð#FSRÞ, and

"þ""KþK"ð#FSRÞ, as described in Ref. [16]. Background

contributions from the continuum process eþe" ! #( !
K0

SK
#"$ð#FSRÞ (KþK""0ð#FSRÞ) and the ISR

process eþe" ! #(#ISR ! K0
SK

#"$#ISRðKþK""0#ISRÞ
are estimated with data collected at

ffiffiffi
s

p ¼ 3:65 GeV
corrected for differences in the integrated luminosity and
the cross section, and with particle momenta and
energies scaled to account for the beam-energy dif-
ference. MC simulations show that the K0

SK
#"$

(KþK""0) mass spectra are similar for FSR and ISR events.
Events without radiation have the same mass distribution
independently of originating from a resonant c ð3686Þ decay
or from the nonresonant continuum production. Thus,
the background shapes from K0

SK
#"$ðKþK""0Þ and

K0
SK

#"$#ISR=FSRðKþK""0#ISR=FSRÞ are described by the
sum of the MC-simulated K0

SK
#"$ðKþK""0Þ and

K0
SK

#"$#FSRðKþK""0#FSRÞ invariant-mass shapes, with
the proportions fixed according to the procedure described
above. The shapes of background mass distributions from
c ð3686Þ ! !KþK" with ! ! #"0 are parameterized
with a double-Gaussian function, and its level is measured
with the same data sample and fixed in the final fit.
The third type of background, that with an extra photon,

"0K0
SK

#"$ð"0KþK""0Þ, is measured with data and nor-
malized according to the simulated contamination rate. It
contributes a smooth component around the $cJ (J ¼ 1, 2)
mass region with a small tail in the !cð2SÞ signal region
that is described by a Novosibirsk function [23] (Gaussian
function) for the "0K0

SK
#"$ ("0KþK""0) background.

The shape and size of this background is fixed in the fit.
The mass spectra for the K0

SK
#"$ and KþK""0 chan-

nels are fitted simultaneously to extract the yield, mass, and
width of !cð2SÞ. To better determine the background and
mass resolution from the data, the mass spectra are fitted
over a range (3:46–3:71 GeV=c2) that includes the $c1 and
$c2 resonances as well as the !cð2SÞ signal. The final mass
spectra and the likelihood fit results are shown in Fig. 1.
Each fitting function includes four components, namely,
!cð2SÞ, $c1, $c2, and the summed background described
above. Line shapes for $c1 and $c2 are obtained from MC
simulations and convolved with Gaussian functions to
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FIG. 1 (color online). The invariant-mass spectrum for K0
SK

#"$ (left panel), KþK""0 (right panel), and the simultaneous
likelihood fit to the three resonances and combined background sources as described in the text.

PRL 109, 042003 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
27 JULY 2012

042003-4

Observation of ψ(2S) → γηc(2S)

III.  From Discovery to Precision

M = 3637.6 ± 2.9 ± 1.6 MeV

Γ = 16.9 ± 6.4 ± 4.8 MeV

B(ψ(2S) → γηc(2S)) =
(6.8 ± 1.1 ± 4.5) × 10−4
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III.  From Discovery to Precision

A few BESIII charmonium results from 2012:

1.  Measurements of the mass and width of 
the ηc(1S) using the decay ψ(2S) → γηc(1S)
          PRL 108, 222002 (2012)

2.  First observation of the M1 transition 
ψ(2S) → γηc(2S)
          PRL 109, 042003 (2012)

3.  Study of ψ(2S) → π0hc(1P), 
hc(1P) → γηc(1S) via ηc(1S) exclusive decays
          PRD 86, 092009 (2012)

4.  Two-photon widths of the χc0,2(1P) states 
and helicity analysis for χc2(1P) → γγ
          PRD 85, 112008 (2012)

5.  Search for the hadronic transition 
χcJ(1P) → ηc(1S)π+π−
          arXiv:1208.4805

BESIII�Physics�Programs

� B (looks like DD for D or charm physics)
� E (looks like cc for charmonium physics)
� S� (for light�hadron Spectroscopy)
� T� (for tau physics,�looks�like�a�Roman�number�“III”)

radial excitation of the g.s.


