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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”)

Discovery and precision with Charmonium



From 1974 till today: charmonium factories...

BEijing Spectrometer - III

9

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

detectorelectron
positron

July 2008:    first hadronic event
March 2009: physics data taking 
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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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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2
and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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e+e−(γISR) → π+π−J/ψ at BaBar

ψ(2S)

Mass(π+π−J/ψ)  (GeV)

IV.  A New Era of DiscoveryBESIII@BEPCII - breaking all records

~10-20x previous generation charmonium factories

~225 million (+more)

~106 million (+more)
~2.9 fb-1

~0.5 fb-1 @4360 MeV
~0.5 fb-1 @4260 MeV 
~0.5 fb-1 @4010 MeV

  NEW  
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2
and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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e+e−(γISR) → π+π−J/ψ at BaBar
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IV.  A New Era of DiscoveryCharmonium physics potentials
Resonance parameters
- details confinement potential
- line shape studies
- exotic resonances/XYZ
- missing charmonium states

Light hadron spectroscopy
- light glueball&hybrid searches
- baryon&meson spectroscopy

Open charm  (D(s))
- fD decay constant
- quark mixing matrix
- Ds spectroscopy

Tau physics
- decays & mass

Miscellaneous
- e.m. formfactors
- rare/forbidden decays
- beyond SM physics

Transitions & decays
- test validity pQCD
- quark masses
- strong coupling constant
- constrain EFTs



Hadronic Decay Studies with Charmonium

Rho-pi puzzle (12% rule) 

Resonance parameters

Perturbative QCD tests

Hadronic loop effects

Color Octet Mechanism

Search for new states
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a bigger picture
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and theory

This talk:
106M psi’

Physics aspects:
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Precision Test of Tensor Term in ͞qq Potential

 Test of hyperfine splitting
∆ mHF = < m(n3PJ) > spin−averaged − m (n1P1)

 For the 1st time possible in the bottomonium system
 For the 1st time possible for n=1 and n=2 

as hc(2P) not observed yet

?

and analogue for hb
�Mhf = mhc � m̄�c deviation from zero?
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Potential models:

A third topic is the search for exotica such as hybrids;
the level of mixing between conventional quarkonium and
hybrid basis states falls rapidly with increasing quark mass,
which suggests that nonexotic hybrids may be more easily
distinguished from conventional quarkonia in charmonium
than in the light quark sectors. Since lattice gauge theory
(LGT) predicts that the lightest c !c hybrids lie near 4.4 GeV
[37–40], there is a strong incentive to establish the ‘‘back-
ground’’ spectrum of conventional c !c states up to and
somewhat beyond this mass.

A final topic of current interest is the importance of
mixing between quark model q !q basis states and two-
meson continua, which has been cited as a possible reason
for the low masses of the recently discovered DsJ states
[41,42]. The effects of ‘‘unquenching the quark model’’ by
including meson loops can presumably be studied effec-
tively in the c !c system, in which the experimental spectrum
of states is relatively unambiguous. The success of the q !q
quark model is surprising, in view of the probable impor-
tance of corrections to the valence approximation; the
range of validity of the naive ‘‘quenched’’ q !q quark model
is an interesting and open question [43].

Motivated by this revived interest in c !c spectroscopy, we
have carried out a theoretical study of the expected prop-
erties of charmonium states, notably the poorly understood
higher-mass c !c levels above DD threshold. Two variants of
potential models are used in this study, a conventional
nonrelativistic model based on the Schrödinger equation
with a Coulomb plus linear potential, and the Godfrey-
Isgur relativized potential model. We give results for all
states in the multiplets 1! 4S, 1! 3P, 1! 2D, 1! 2F,
and 1G, comprising 40 c !c resonances in total. Predictions
are given for quantities which are likely to be of the great-
est experimental interest, which are the spectrum of states,
E1 (and some M1) electromagnetic transition rates, and
strong partial and total widths for states above open-charm
threshold.

Similar results for many of the electromagnetic transi-
tion rates have recently been reported by Ebert et al. [44].
The ‘"‘! leptonic and two-photon widths are not dis-
cussed in detail here, as they have been considered exten-
sively elsewhere; see for example [45–48] and references
cited therein.

II. SPECTRUM

A. Nonrelativistic potential model

As a minimal model of the charmonium system we use a
nonrelativistic potential model, with wave functions deter-
mined by the Schrödinger equation with a conventional
quarkonium potential. We use the standard color Coulomb
plus linear scalar form, and also include a Gaussian-
smeared contact hyperfine interaction in the zeroth-order
potential. The central potential is

V#c !c$
0 #r$ % ! 4

3

!s

r
" br" 32"!s

9m2
c

~#$#r$ ~Sc & ~S !c; (1)

where ~#$#r$ % #$= !!!!
"

p $3e!$2r2 . The four parameters (!s,
b, mc, $) are determined by fitting the spectrum.

The spin-spin contact hyperfine interaction is one of the
spin-dependent terms predicted by one gluon exchange
(OGE) forces. The contact form / ## ~x$ is actually an
artifact of an O#v2

q=c2$ expansion of the T-matrix [49],
so replacing it by an interaction with a range 1=$ compa-
rable to 1=mc is not an unwarranted modification.

We treat the remaining spin-dependent terms as mass
shifts using leading-order perturbation theory. These are
the OGE spin-orbit and tensor interactions and a longer-
ranged inverted spin-orbit term, which arises from the
assumed Lorentz scalar confinement. These are explicitly

Vspin-dep %
1

m2
c

"#
2!s

r3
! b

2r

$
~L & ~S" 4!s

r3
T
%
: (2)

The spin-orbit operator is diagonal in a jJ;L; Si basis,
with the matrix elements h ~L & ~Si % 'J#J" 1$ ! #L#L"
1$ ! S#S" 1$(=2. The tensor operator T has nonvanishing
diagonal matrix elements only between L> 0 spin-triplet
states, which are

h3LJjTj3LJi %

8>>><
>>>:

! L
6#2L"3$ ; J % L" 1

" 1
6 ; J % L

! #L"1$
6#2L!1$ ; J % L! 1

: (3)

For experimental input we use the masses of the 11 rea-
sonably well-established c !c states, which are given in
Table I (rounded to 1 MeV). The parameters that follow
from fitting these masses are #!s; b; mc;$$ %
#0:5461; 0:1425 GeV2; 1:4794 GeV; 1:0946 GeV$. Given
these values, we can predict the masses and matrix ele-
ments of the currently unknown c !c states; Table I and
Fig. 1 show the predicted spectrum.

B. Godfrey-Isgur relativized potential model

The Godfrey-Isgur model is a ‘‘relativized’’ extension of
the nonrelativistic model of the previous section. This
model assumes a relativistic dispersion relation for the
quark kinetic energy, a QCD-motivated running coupling
!s#r$, a flavor-dependent potential smearing parameter $,
and replaces factors of quark mass with quark kinetic
energy. Details of the model and the method of solution
may be found in Ref. [51]. The Hamiltonian consists of a
relativistic kinetic term and a generalized quark-antiquark
potential

H % H0 " Vq !q#~p; ~r$; (4)

where
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A third topic is the search for exotica such as hybrids;
the level of mixing between conventional quarkonium and
hybrid basis states falls rapidly with increasing quark mass,
which suggests that nonexotic hybrids may be more easily
distinguished from conventional quarkonia in charmonium
than in the light quark sectors. Since lattice gauge theory
(LGT) predicts that the lightest c !c hybrids lie near 4.4 GeV
[37–40], there is a strong incentive to establish the ‘‘back-
ground’’ spectrum of conventional c !c states up to and
somewhat beyond this mass.

A final topic of current interest is the importance of
mixing between quark model q !q basis states and two-
meson continua, which has been cited as a possible reason
for the low masses of the recently discovered DsJ states
[41,42]. The effects of ‘‘unquenching the quark model’’ by
including meson loops can presumably be studied effec-
tively in the c !c system, in which the experimental spectrum
of states is relatively unambiguous. The success of the q !q
quark model is surprising, in view of the probable impor-
tance of corrections to the valence approximation; the
range of validity of the naive ‘‘quenched’’ q !q quark model
is an interesting and open question [43].

Motivated by this revived interest in c !c spectroscopy, we
have carried out a theoretical study of the expected prop-
erties of charmonium states, notably the poorly understood
higher-mass c !c levels above DD threshold. Two variants of
potential models are used in this study, a conventional
nonrelativistic model based on the Schrödinger equation
with a Coulomb plus linear potential, and the Godfrey-
Isgur relativized potential model. We give results for all
states in the multiplets 1! 4S, 1! 3P, 1! 2D, 1! 2F,
and 1G, comprising 40 c !c resonances in total. Predictions
are given for quantities which are likely to be of the great-
est experimental interest, which are the spectrum of states,
E1 (and some M1) electromagnetic transition rates, and
strong partial and total widths for states above open-charm
threshold.

Similar results for many of the electromagnetic transi-
tion rates have recently been reported by Ebert et al. [44].
The ‘"‘! leptonic and two-photon widths are not dis-
cussed in detail here, as they have been considered exten-
sively elsewhere; see for example [45–48] and references
cited therein.

II. SPECTRUM

A. Nonrelativistic potential model

As a minimal model of the charmonium system we use a
nonrelativistic potential model, with wave functions deter-
mined by the Schrödinger equation with a conventional
quarkonium potential. We use the standard color Coulomb
plus linear scalar form, and also include a Gaussian-
smeared contact hyperfine interaction in the zeroth-order
potential. The central potential is
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b, mc, $) are determined by fitting the spectrum.

The spin-spin contact hyperfine interaction is one of the
spin-dependent terms predicted by one gluon exchange
(OGE) forces. The contact form / ## ~x$ is actually an
artifact of an O#v2

q=c2$ expansion of the T-matrix [49],
so replacing it by an interaction with a range 1=$ compa-
rable to 1=mc is not an unwarranted modification.

We treat the remaining spin-dependent terms as mass
shifts using leading-order perturbation theory. These are
the OGE spin-orbit and tensor interactions and a longer-
ranged inverted spin-orbit term, which arises from the
assumed Lorentz scalar confinement. These are explicitly
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For experimental input we use the masses of the 11 rea-
sonably well-established c !c states, which are given in
Table I (rounded to 1 MeV). The parameters that follow
from fitting these masses are #!s; b; mc;$$ %
#0:5461; 0:1425 GeV2; 1:4794 GeV; 1:0946 GeV$. Given
these values, we can predict the masses and matrix ele-
ments of the currently unknown c !c states; Table I and
Fig. 1 show the predicted spectrum.

B. Godfrey-Isgur relativized potential model

The Godfrey-Isgur model is a ‘‘relativized’’ extension of
the nonrelativistic model of the previous section. This
model assumes a relativistic dispersion relation for the
quark kinetic energy, a QCD-motivated running coupling
!s#r$, a flavor-dependent potential smearing parameter $,
and replaces factors of quark mass with quark kinetic
energy. Details of the model and the method of solution
may be found in Ref. [51]. The Hamiltonian consists of a
relativistic kinetic term and a generalized quark-antiquark
potential

H % H0 " Vq !q#~p; ~r$; (4)

where
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which suggests that nonexotic hybrids may be more easily
distinguished from conventional quarkonia in charmonium
than in the light quark sectors. Since lattice gauge theory
(LGT) predicts that the lightest c !c hybrids lie near 4.4 GeV
[37–40], there is a strong incentive to establish the ‘‘back-
ground’’ spectrum of conventional c !c states up to and
somewhat beyond this mass.
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mixing between quark model q !q basis states and two-
meson continua, which has been cited as a possible reason
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including meson loops can presumably be studied effec-
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of states is relatively unambiguous. The success of the q !q
quark model is surprising, in view of the probable impor-
tance of corrections to the valence approximation; the
range of validity of the naive ‘‘quenched’’ q !q quark model
is an interesting and open question [43].

Motivated by this revived interest in c !c spectroscopy, we
have carried out a theoretical study of the expected prop-
erties of charmonium states, notably the poorly understood
higher-mass c !c levels above DD threshold. Two variants of
potential models are used in this study, a conventional
nonrelativistic model based on the Schrödinger equation
with a Coulomb plus linear potential, and the Godfrey-
Isgur relativized potential model. We give results for all
states in the multiplets 1! 4S, 1! 3P, 1! 2D, 1! 2F,
and 1G, comprising 40 c !c resonances in total. Predictions
are given for quantities which are likely to be of the great-
est experimental interest, which are the spectrum of states,
E1 (and some M1) electromagnetic transition rates, and
strong partial and total widths for states above open-charm
threshold.

Similar results for many of the electromagnetic transi-
tion rates have recently been reported by Ebert et al. [44].
The ‘"‘! leptonic and two-photon widths are not dis-
cussed in detail here, as they have been considered exten-
sively elsewhere; see for example [45–48] and references
cited therein.

II. SPECTRUM

A. Nonrelativistic potential model

As a minimal model of the charmonium system we use a
nonrelativistic potential model, with wave functions deter-
mined by the Schrödinger equation with a conventional
quarkonium potential. We use the standard color Coulomb
plus linear scalar form, and also include a Gaussian-
smeared contact hyperfine interaction in the zeroth-order
potential. The central potential is
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b, mc, $) are determined by fitting the spectrum.

The spin-spin contact hyperfine interaction is one of the
spin-dependent terms predicted by one gluon exchange
(OGE) forces. The contact form / ## ~x$ is actually an
artifact of an O#v2

q=c2$ expansion of the T-matrix [49],
so replacing it by an interaction with a range 1=$ compa-
rable to 1=mc is not an unwarranted modification.

We treat the remaining spin-dependent terms as mass
shifts using leading-order perturbation theory. These are
the OGE spin-orbit and tensor interactions and a longer-
ranged inverted spin-orbit term, which arises from the
assumed Lorentz scalar confinement. These are explicitly
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The spin-orbit operator is diagonal in a jJ;L; Si basis,
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For experimental input we use the masses of the 11 rea-
sonably well-established c !c states, which are given in
Table I (rounded to 1 MeV). The parameters that follow
from fitting these masses are #!s; b; mc;$$ %
#0:5461; 0:1425 GeV2; 1:4794 GeV; 1:0946 GeV$. Given
these values, we can predict the masses and matrix ele-
ments of the currently unknown c !c states; Table I and
Fig. 1 show the predicted spectrum.

B. Godfrey-Isgur relativized potential model

The Godfrey-Isgur model is a ‘‘relativized’’ extension of
the nonrelativistic model of the previous section. This
model assumes a relativistic dispersion relation for the
quark kinetic energy, a QCD-motivated running coupling
!s#r$, a flavor-dependent potential smearing parameter $,
and replaces factors of quark mass with quark kinetic
energy. Details of the model and the method of solution
may be found in Ref. [51]. The Hamiltonian consists of a
relativistic kinetic term and a generalized quark-antiquark
potential

H % H0 " Vq !q#~p; ~r$; (4)

where
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[41,42]. The effects of ‘‘unquenching the quark model’’ by
including meson loops can presumably be studied effec-
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of states is relatively unambiguous. The success of the q !q
quark model is surprising, in view of the probable impor-
tance of corrections to the valence approximation; the
range of validity of the naive ‘‘quenched’’ q !q quark model
is an interesting and open question [43].

Motivated by this revived interest in c !c spectroscopy, we
have carried out a theoretical study of the expected prop-
erties of charmonium states, notably the poorly understood
higher-mass c !c levels above DD threshold. Two variants of
potential models are used in this study, a conventional
nonrelativistic model based on the Schrödinger equation
with a Coulomb plus linear potential, and the Godfrey-
Isgur relativized potential model. We give results for all
states in the multiplets 1! 4S, 1! 3P, 1! 2D, 1! 2F,
and 1G, comprising 40 c !c resonances in total. Predictions
are given for quantities which are likely to be of the great-
est experimental interest, which are the spectrum of states,
E1 (and some M1) electromagnetic transition rates, and
strong partial and total widths for states above open-charm
threshold.

Similar results for many of the electromagnetic transi-
tion rates have recently been reported by Ebert et al. [44].
The ‘"‘! leptonic and two-photon widths are not dis-
cussed in detail here, as they have been considered exten-
sively elsewhere; see for example [45–48] and references
cited therein.

II. SPECTRUM

A. Nonrelativistic potential model

As a minimal model of the charmonium system we use a
nonrelativistic potential model, with wave functions deter-
mined by the Schrödinger equation with a conventional
quarkonium potential. We use the standard color Coulomb
plus linear scalar form, and also include a Gaussian-
smeared contact hyperfine interaction in the zeroth-order
potential. The central potential is

V#c !c$
0 #r$ % ! 4

3

!s

r
" br" 32"!s

9m2
c

~#$#r$ ~Sc & ~S !c; (1)

where ~#$#r$ % #$= !!!!
"

p $3e!$2r2 . The four parameters (!s,
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The spin-spin contact hyperfine interaction is one of the
spin-dependent terms predicted by one gluon exchange
(OGE) forces. The contact form / ## ~x$ is actually an
artifact of an O#v2

q=c2$ expansion of the T-matrix [49],
so replacing it by an interaction with a range 1=$ compa-
rable to 1=mc is not an unwarranted modification.

We treat the remaining spin-dependent terms as mass
shifts using leading-order perturbation theory. These are
the OGE spin-orbit and tensor interactions and a longer-
ranged inverted spin-orbit term, which arises from the
assumed Lorentz scalar confinement. These are explicitly
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For experimental input we use the masses of the 11 rea-
sonably well-established c !c states, which are given in
Table I (rounded to 1 MeV). The parameters that follow
from fitting these masses are #!s; b; mc;$$ %
#0:5461; 0:1425 GeV2; 1:4794 GeV; 1:0946 GeV$. Given
these values, we can predict the masses and matrix ele-
ments of the currently unknown c !c states; Table I and
Fig. 1 show the predicted spectrum.

B. Godfrey-Isgur relativized potential model

The Godfrey-Isgur model is a ‘‘relativized’’ extension of
the nonrelativistic model of the previous section. This
model assumes a relativistic dispersion relation for the
quark kinetic energy, a QCD-motivated running coupling
!s#r$, a flavor-dependent potential smearing parameter $,
and replaces factors of quark mass with quark kinetic
energy. Details of the model and the method of solution
may be found in Ref. [51]. The Hamiltonian consists of a
relativistic kinetic term and a generalized quark-antiquark
potential

H % H0 " Vq !q#~p; ~r$; (4)
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30

•  Tag the photon to measure

      B(#(2S) ! $0hc) ' B(hc ! %&c)

          = (4.58 ± 0.40 ± 0.50) ' 10!4 

    (consistent with CLEO)

•  Don’t tag the photon to measure

      B(#(2S) ! $0hc)

           = (8.4 ± 1.3 ± 1.0) ' 10!4

      (first measurement)

•  Combining branching fractions gives

      B(hc ! %&c) = (54.3 ± 6.7 ± 5.2)%

    (first measurement)

•  Also measure the mass

      M(hc) = 3525.40 ± 0.13 ± 0.18 MeV

    (consistent with CLEO)

•  Compare to:  

      <M(&cJ(1P))>(spin-weighted) = 

               3525.30 ± 0.11 MeV/c2 (PDG)

(using 106M $(2S) decays)

Hyperfine splitting of 1P states is small (or 0). #

3679±319

hc events

(18.6))

(consistent with CLEO-c)

Inclusive analysis provides:
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•  Don’t tag the photon to measure
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           = (8.4 ± 1.3 ± 1.0) ' 10!4

      (first measurement)

•  Combining branching fractions gives

      B(hc ! %&c) = (54.3 ± 6.7 ± 5.2)%

    (first measurement)

•  Also measure the mass

      M(hc) = 3525.40 ± 0.13 ± 0.18 MeV

    (consistent with CLEO)

•  Compare to:  

      <M(&cJ(1P))>(spin-weighted) = 

               3525.30 ± 0.11 MeV/c2 (PDG)

(using 106M $(2S) decays)
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3679±319
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(first measurement)
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•  Tag the photon to measure

      B(#(2S) ! $0hc) ' B(hc ! %&c)

          = (4.58 ± 0.40 ± 0.50) ' 10!4 

    (consistent with CLEO)

•  Don’t tag the photon to measure

      B(#(2S) ! $0hc)

           = (8.4 ± 1.3 ± 1.0) ' 10!4

      (first measurement)

•  Combining branching fractions gives

      B(hc ! %&c) = (54.3 ± 6.7 ± 5.2)%

    (first measurement)

•  Also measure the mass

      M(hc) = 3525.40 ± 0.13 ± 0.18 MeV

    (consistent with CLEO)

•  Compare to:  

      <M(&cJ(1P))>(spin-weighted) = 

               3525.30 ± 0.11 MeV/c2 (PDG)

(using 106M $(2S) decays)

Hyperfine splitting of 1P states is small (or 0). #

3679±319

hc events

(18.6))

(first measurement)

Natural width of hc:

(consistent with zero)
�Mhf = �0.10± 0.13± 0.18MeV/c2

�(hc) = 0.73± 0.45± 0.28MeV/c2

(first measurement)

Hyperfine splitting:

PRL 104, 132002 (2010)
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singlet P-wave hc ; exclusive decays of etac

The total yield of events, measured by fitting the π0 recoil mass spectrum, is 832 ± 35
events, where the error is statistical only. With these events we measure the mass and width
of the hc:

M(hc) = 3525.31± 0.11± 0.14MeV/c2, and

Γ(hc) = 0.70± 0.28± 0.22MeV,

where the first errors are statistical and the second are systematic. These results are con-
sistent with the results of a previous inclusive measurement by BESIII [13]:

M(hc) = 3525.40± 0.13± 0.18MeV/c2, and

Γ(hc) < 1.44MeV (at 90% confidence level).

The branching-ratio results B1(ψ(3686) → π0hc) × B2(hc → γηc) × B3(ηc → Xi) and
B3(ηc → Xi) are given in Table VI, quoted with the statistical and systematic errors of
this measurement and, for B3, an additional systematic error associated with the input
branching-ratio product B1(ψ(3686) → π0hc) × B2(hc → γηc). Most of our B3(ηc → Xi)
branching-fraction results are consistent with PDG values [2], and several branching fractions
are measured for the first time.

TABLE VI: B1(ψ(3686) → π0hc) × B2(hc → γηc) × B3(ηc → Xi) and B3(ηc → Xi) with sys-

tematic errors. The third errors in B3 measurement are systematic errors due to uncertainty of
B1(ψ(3686) → π0hc)× B2(hc → γηc).

Xi B1 × B2 × B3 (×10−6) B3 (%) B3 in PDG (%)

pp̄ 0.65 ± 0.19 ± 0.10 0.15±0.04±0.02±0.01 0.141±0.017

π+π−π+π− 7.51 ± 0.85 ± 1.11 1.72±0.19±0.25±0.17 0.86±0.13
K+K−K+K− 0.94 ± 0.37 ± 0.14 0.22±0.08±0.03±0.02 0.134±0.032
K+K−π+π− 4.16 ± 0.76 ± 0.59 0.95±0.17±0.13±0.09 0.61±0.12

pp̄π+π− 2.30 ± 0.65 ± 0.36 0.53±0.15±0.08±0.05 <1.2 (at 90% C.L.)
π+π−π+π−π+π− 8.82 ± 1.57 ± 1.59 2.02±0.36±0.36±0.19 1.5±0.50
K+K−π+π−π−π− 3.60 ± 1.71 ± 0.64 0.83±0.39±0.15±0.08 0.71±0.29

K+K−π0 4.54 ± 0.76 ± 0.48 1.04±0.17±0.11±0.10 1.2±0.1
pp̄π0 1.53 ± 0.49 ± 0.23 0.35±0.11±0.05±0.03 –

K0
SK

±π∓ 11.35 ± 1.25 ± 1.50 2.60±0.29±0.34±0.25 2.4±0.2
K0

SK
±π∓π±π∓ 12.01 ± 2.22 ± 2.04 2.75±0.51±0.47±0.27 –

π+π−η 7.22 ± 1.47 ± 1.11 1.66±0.34±0.26±0.16 4.9±1.8

K+K−η 2.11 ± 1.01 ± 0.32 0.48±0.23±0.07±0.05 <1.5 (at 90% C.L.)
π+π−π+π−η 19.17 ± 3.77 ± 3.72 4.40±0.86±0.85±0.42 –

π+π−π0π0 20.31 ± 2.20 ± 3.33 4.66±0.50±0.76±0.45 –
π+π−π+π−π0π0 75.13 ± 7.42 ± 9.99 17.23±1.70±2.29±1.66 –

Combining our measurement of M(hc) with the previously-determined mass of the cen-
troid of the 3PJ states leads to

∆ Mhf ≡ 〈M(13P )〉 −M(11P1) = −0.01± 0.11 (stat.)± 0.15 (syst.)MeV/c2, (1)

consistent with the lowest-order expectation that the 1P hyperfine splitting is zero.
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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

3.48 3.50 3.52 3.54 3.56
0

20

40

60

80

100

120

140

160

180

200

3.48 3.50 3.52 3.54 3.56
0

20

40

60

80

100

120

140

160

180

200

 π0 recoil mass (GeV/c2)
E

v
en

ts
  
/ 

(1
 M

eV
/c

2
)

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
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BESIII�Physics�Programs

� B (looks like DD for D or charm physics)
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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

Precision Measurements of the 
Mass and Width of the hc(1P)

III.  From Discovery to Precision

M = 3525.31 ± 0.11 ± 0.14 MeV

Γ = 0.70 ± 0.28 ± 0.22 MeV

Precision!

singlet P-wave hc ; exclusive decays of etac

Sum of all
exclusive channel



!c(11S0)

J/"(13S1)

"#(23S1)

"##(13D1)

hc(11P1)

$c0(13P0)

$c1(13P1)

$c2(13P2)

!c#(21S0)

3.0

3.2

3.4

3.6

3.8

2MD

0%+ 1%% 1+% 0++ 1++ 2++

E1-Dominated Transitions

M1-Dominated Transitions

M
A

S
S

  
 [
G

e
V

/c
2
]

JPC

15

E
v

en
ts

 /
 1

M
eV

0

500

1000

1500

2000

2500

3000

3500

4000

E
v

en
ts

 /
 1

M
eV

0

500

1000

1500

2000

2500

3000

3500

4000

3.51 3.52 3.53 3.54

-400

-200

0

200

400

600

800

1000

3.51 3.52 3.53 3.54

-400

-200

0

200

400

600

800

1000

E1 photon tagged

BESIII

)2 recoil mass (GeV/c0!
3.51 3.52 3.53 3.54

E
v

en
ts

 /
 1

M
eV

0

10000

20000

30000

40000

50000

)2 recoil mass (GeV/c0!
3.51 3.52 3.53 3.54

E
v

en
ts

 /
 1

M
eV

0

10000

20000

30000

40000

50000
Inclusive

3.51 3.52 3.53 3.54
-1000

-500

0

500

1000

1500

2000

2500

3.51 3.52 3.53 3.54
-1000

-500

0

500

1000

1500

2000

2500

Introduction to the BESIII Experiment

QCD

accelerator

detector

data

analysis
a bigger picture

phenomenology

and theory

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

χc1(13P1)

χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8

2MD

0−+ 1−− 1+− 0++ 1++ 2++

M
AS

S 
  [

G
eV

/c
2 ]

JPC

χc0(13P0)

hc(11P1)

!

"0

Ryan Mitchell Charmonium and the Role of BESIII 32
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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
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Precision Measurements of the 
Mass and Width of the hc(1P)

III.  From Discovery to Precision

M = 3525.31 ± 0.11 ± 0.14 MeV

Γ = 0.70 ± 0.28 ± 0.22 MeV

PRD 86, 092009 (2012)

!Mhf ! hMð13PÞi$Mð11P1Þ
¼ $0:01& 0:11ðstatÞ & 0:15ðsystÞ MeV=c2; (1)

consistent with the lowest-order expectation that the 1P
hyperfine splitting is zero.

The line shape of!c was also studied from theE1 transition
hc ! "!c, and the measured resonant parameters are

Mð!cÞ ¼ 2984:49& 1:16& 0:52 MeV=c2; and

"ð!cÞ ¼ 36:4& 3:2& 1:7 MeV:

These results are consistent with the recent BESIII
results from c ð3686Þ ! "!c [20],

Mð!cÞ ¼ 2984:3& 0:6& 0:6 MeV=c2; and

"ð!cÞ ¼ 32:0& 1:2& 1:0 MeV;

and B-factory results from "" ! !c and B decays [17,18].
Because of the larger c ð3686Þ data sample that will be
coming from BESIII and the advantage of negligible in-
terference effects, we expect that hc ! "!c will provide
the most reliable determinations of the !c resonant pa-
rameters in the future.
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#þ#$#0#0 20:31& 2:20& 3:33 4:66& 0:50& 0:76& 0:45 ) ) )
#þ#$#þ#$#0#0 75:13& 7:42& 9:99 17:23& 1:70& 2:29& 1:66 ) ) )

M. ABLIKIM et al. PHYSICAL REVIEW D 86, 092009 (2012)

092009-12

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”)

“P-wave hyperfine splitting”

Sum of all
exclusive channel



“exploiting isospin breaking”

probe the ratio mu/md

breaking of 
isospin symmetry: u <-> d



probe the ratio mu/md

size of hadronic 
loops in charmonium

“exploiting isospin breaking”

Pa denoting the vector and pseudoscalar charmed mesons,
respectively, ~! is the Pauli matrix, and a is the flavor index.
The lowest order axial-vector coupling Lagrangian is [25]

L " ¼ "g

2
Tr½Hy

aHb ~! $ ~uba%; (8)

where the axial current is ~u ¼ "
ffiffiffi
2

p
~@"=FþOð"3Þ. F is

the pion decay constant in the chiral limit, and the 3) 3
matrix " collects the octet Goldstone bosons. The leading
order Lagrangian for the coupling of the J=c to the
charmed and anticharmed mesons can be constructed con-
sidering parity, charge parity, and spin symmetry. In two-
component language, it is

L c ¼ i
g2
2

Tr½JyHa ~! $ @
$
!Ha% þ H:c:; (9)

with A@
$
B * Að ~@BÞ " ð ~@AÞB. The charmonium field is

given by J ¼ ~c $ ~!þ #c with ~c and #c annihilating the

c and #c states, and !Ha ¼ " ~!Va $ ~!þ !Pa is the field for
anticharmed mesons [26]. This Lagrangian was first intro-
duced in Ref. [27] in four-component notation with the
same coupling g2. Since c 0 is the first radial excitation of
the J=c , the Lagrangian for the c 0 coupling to the
charmed and anticharmed mesons has the same form as
Eq. (9) with the coupling constant g2 replaced by the one
for c 0, g02.

Because the c 0 and J=c are SU(3) singlets, it is obvious
that the decay c 0 ! J=c$0 violates isospin symmetry,
and the decay c 0 ! J=c# violates SU(3) flavor symmetry
[28]. Accordingly, the decay amplitudes reflect the flavor

symmetry breaking. Here, all the charmed mesons in a
flavor multiplet can contribute, and it is the mass differ-
ences within the multiplet that generates the isospin or the
SU(3) breaking. Similar effects have been studied in a0 "
f0 mixing [29,30], and the isospin breaking hadronic decay
of the D+

s0ð2317Þ [31–33]. Explicitly, the c 0 ! J=c$0

decay amplitude is proportional to the difference of the
charged and neutral mesons loops

M ðc 0 ! J=c$0Þ / %ijkqi$"
j
c 0"kJ=c ðIc " InÞ; (10)

where "jJ=c ðc 0Þ denotes the spatial component of the polar-

ization vector of the J=c ðc 0Þ, Ic and In are the loop in-
tegral expressions which will be given below in Eq. (14) for
charged and neutral charmed mesons. Denoting the ex-
pression for the strange charmed-meson loop by Is, one
obtains the decay amplitude for the c 0 ! J=c#

M ðc 0 !J=c#Þ/%ijkqi#"
j
c 0"kJ=c

1ffiffiffi
3

p ðIcþIn"2IsÞ:

(11)

Before performing the explicit evaluation of the loops it
is important to first understand the power counting of the
system. As was just derived, each vertex in the triangle
diagrams is of p-wave character and is thus linear in the
momentum. Because of parity conservation, one momen-
tum has to appear as external parameter [cf., Eq. (3)]. Thus
the loops themselves scale as v3=ðv2Þ2v2 ¼ v, where we
replaced momentum factors by the dimensionless veloc-
ities—the proper expansion parameter of HQEFT—and
the factors denote the nonrelativistic integral measure
and propagators as well as the vertex factors just described,
in order. The typical heavy meson velocity in the loops

may be estimated via v,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2MD̂ "Mĉ Þ=MD̂

q
’ 0:53,

where MD̂ is the averaged charmed-meson mass, and
Mĉ ¼ ðMJ=c þMc 0Þ=2. The quantities of interest here

are differences of loops with the remaining terms propor-
tional to mq—this is an energy scale of Oðv2Þ. We there-
fore expect the heavy meson loops to scale as mq=vj ~qj
which gives some enhancement compared to Eq. (3).
To confirm this power counting estimate and allow for a

more quantitative statement, we now evaluate the diagrams
of Fig. 1 explicitly using the nonrelativistic technique. Let
us consider diagram (b) in Fig. 1 as an example of these
calculations. The decay amplitude in d dimensions is given
by

MðbÞ ¼2i
g

F
gcDDgc 0DD+%ijkqi"jc 0"lJ=c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MDMD+

p

8M2
DMD+

Z ddl

ð2$Þd
lkð2ll"qlÞ

ðl0" ~l2

2MD+ þ i%Þðl0þb0DD+ þ ~l2

2MD
" i%Þðl0"q0þ"D"ð~l" ~qÞ2

2MD
þ i%Þ

¼" g

2F
gcDDgc 0DD+%ijkqi"jc 0"lJ=c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MDMD+

p

MDþMD+

Z 1

0
dx

Z dd"1l

ð2$Þd"1

lkð2ll"qlÞ
½ð~l"x ~q=2Þ2þ"ðbÞ" i%%2

¼ g

8$F
gcDDgc 0DD+%ijkqi"jc 0"kJ=c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MDMD+

p

MDþMD+

Z 1

0
dx

ffiffiffiffiffiffiffiffiffi
"ðbÞ

q
; (12)

FIG. 1. The decays c 0 ! J=c$0ð#Þ through triangle
charmed-meson loops. Charmonia, light mesons, pseudoscalar,
and vector charmed mesons, are denoted by double, dashed, thin,
and solid lines, respectively.
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Light quark masses are important fundamental parameters of the standard model. The decays c 0 !
J=c!0ð"Þ were widely used in determining the light quark mass ratio mu=md. However, there is a large

discrepancy between the resulting value of mu=md and the one determined from the light pseudoscalar

meson masses. Using the technique of nonrelativistic effective field theory, we show that intermediate

charmed meson loops lead to a sizable contribution to the decays and hence make the c 0 ! J=c!0ð"Þ
decays not suitable for a precise extraction of the light quark mass ratio.

DOI: 10.1103/PhysRevLett.103.082003 PACS numbers: 14.65.Bt, 12.39.Hg, 13.25.Gv

The decays of c 0 into J=c!0 and J=c"were suggested
to be a reliable source for extracting the light quark mass
ratiomu=md [1,2] (for reviews, see Refs. [3–5]). The decay
c 0 ! J=c!0 violates isospin symmetry. Both the up-
down quark mass difference and the electromagnetic
(em) interaction can contribute to isospin breaking.
However, it has been shown that the em contribution to
the decay c 0 ! J=c!0 is much smaller than the effect of
the quark mass difference [6,7]. Based on the QCD multi-
pole expansion and the axial anomaly, the relation between
the quark mass ratio

1

R
# md $mu

ms $ m̂
; (1)

where m̂ ¼ ðmd þmuÞ=2, and the ratio of the decay widths
of these two decays was worked out up to the next-to-
leading order in the chiral expansion [8,9]. At leading
order, the relation reads [10]

R!0=" # Bðc 0 ! J=c!0Þ
Bðc 0 ! J=c"Þ ¼ 27

16R2

!!!!!!!!
~q!
~q"

!!!!!!!!
3
ð1þ!c 0Þ;

(2)

where ~q!ð"Þ denotes the momentum of the pion (eta) in the
rest frame of the c 0 and !c 0 represents SU(3) breaking
effects. Assuming !c 0 < 0:4, an upper limit of R was
determined through Eq. (4) [10]. It can also be obtained
by constructing a chiral effective Lagrangian for charmo-
nium states and light mesons in a soft-exchange approxi-
mation [11]. The amplitude for the c 0 ! J=c!0 scales as

M ðc 0 ! J=c!0Þ ' ðmd $muÞj ~q!j: (3)

Using the relation between the masses of quarks and
mesons [12,13], Eq. (2) may be rewritten as [2]

R!0=" ¼ 3
"
md $mu

md þmu

#
2 F2

!

F2
"

M4
!

M4
"

!!!!!!!!
~q!
~q"

!!!!!!!!
3
; (4)

where F!ð"Þ and M!ð"Þ are the decay constant and mass of

the pion (eta), respectively. Using Eq. (4) and the most
recent measurement of the decay-width ratio [14]

R!0=" ¼ ð3:88( 0:23( 0:05Þ%; (5)

the up-down quark mass ratio is obtained as [15]

mu

md
¼ 0:40( 0:01: (6)

This value is much smaller than the result obtained from
the time-honored formula [12]

mu

md
¼

M2
Kþ $M2

K0 þ 2M2
!0 $M2

!þ

M2
K0 $M2

Kþ þM2
!þ

¼ 0:56; (7)

and it is also smaller than the large Nc bound, mu=md *
1=2, derived in Refs. [10,18]. Note that Eq. (7) is very little
affected by higher order corrections. It is therefore of
fundamental interest to understand theoretically the dis-
crepancy between the values of the up-down quark mass
ratios determined from different sources. This Letter is
devoted to show that the c 0 decays into J=c!0ð"Þ are
not suitable for extracting the quark mass ratio, and hence
the seeming discrepancy between Eq. (6) and (7) is mean-
ingless. The reason underlying this statement is that the
earlier analysis neglected effects from intermediate (vir-
tual) charmed mesons. Those loops were shown to be
important in some charmonium decays in phenomenologi-
cal models, see, for instance, Refs. [19–21]. As we will
show, based on a power counting argument in the spirit of
heavy quark effective field theory (HQEFT), which is
supported by an explicit calculation, these contributions
overwhelm the one directly related to the quark masses.
To be specific, we calculate the pertinent diagrams for

the decays c 0 ! J=c!0ð"Þ involving the lowest lying
pseudoscalar and vector charmed mesons, see Fig. 1. The
couplings of pion and eta to the charmed mesons follow
from heavy quark symmetry and chiral symmetry [22–24].
In the two-component notation of Ref. [25], the charmed
mesons are represented by Ha ¼ ~Va ) ~#þ Pa with Va and
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X(3872) – what is it?

CDF
● No charged partner – isoscalar

● Quantum numbers 1++ or 2-+

● M = 3871.68 ± 0.17 MeV

● Γ < 1.2 MeV – narrow!

● M(D0) + M(D�0) = 3871.81 ± 0.36 MeV

● B(X→ωJ/ψ)/B(X→ρJ/ψ) ≈ 1

large isospin breaking!

To be resolved!
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SSP2012 | June 19, 2012 14Sören Lange | QCD at e+ e− machines

Experiment X mass

CDF 2 3871.61 ± 0.16 ± 0.19 MeV

BaBar (B+) 3871.4 ± 0.6 ± 0.1 MeV

BaBar (B0) 3868.7 ± 1.5 ± 0.4 MeV

D0 3871.8 ± 3.1 ± 3.0 MeV

Belle 3871.84 ± 0.27 ± 0.19 MeV

LHCb 3871.96 ± 0.46 ± 0.10 MeV

World Average 3871.67 ± 0.17 MeV

M(D0)+M(D*0) 
PDG2010

3871.79 ± 0.30   MeV

X(3872) mass in J/ψ ππππ++++ππππ−−−−

“Binding Energy”

m(X)!m(D*0)!m(D0) 

Only 120 keV below threshold
→ S-wave ͞DD* molecular state?

Reminder: ∆m(deuteron) = −2.2 MeV

∆m=!0.12"0.35 MeV

Belle result contains MC/data shift 0.92 ± 0.006 MeV, fixed from reference channel ψ´X(3872) ! J/ ⇡+⇡�
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Isospin Violation

 X(3872) → J/ψ π+ π−

observation: π+π− invariant mass
peaks at ρ !

 X(3872)→J/ψρ(I=1)
violates isospin

 Reason ρ/ω mixing ?
Terasaki,  Prog. Theor. Phys. 122(2010)1285 

P-wave

S-wave

X(3872) ! J/ ⇢

“exploiting isospin breaking”

breaking of 
isospin symmetry: u <-> d

Isospin breaking enhanced for X(3872)
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I.  An Introduction to Charmonium
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Isospin violating transitions @ BESIII

2900

3100

3300

3500

3700

3900

   '
c

  

  h
c

  

  

  

  

  

  

   
c2 

Mass [MeV]

 ''

 
c

 '

J/ 

 
c1

 
c0

π0

S
0-+

S
1--

1P
1+-

3P
1++

4100
   (4010)

π0

π0

π0

B( '→  0h
c
) = (8.4 ± 1.3 ± 1.0) · 10-4

B(ψ(4010)→ π0J/ψ) < 2.8⋅10-4

PRL 104, 132002 (2010)

PRD 86, 092008 (2012)

π0

B('→0J/)/B('→J/) = 

(3.74 ± 0.6 ± 0.04) · 10-2

B(χ
c0,2

→  0η
c
) < ?

In Progress
 

Phys. Rev. D 86, 071101(R) (2012)⇡�
transitions

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”)

“exploiting isospin breaking”

valuable input to EFT approaches 

0.06



!c(11S0)

J/"(13S1)

"#(23S1)

"##(13D1)

hc(11P1)

$c0(13P0)

$c1(13P1)

$c2(13P2)

!c#(21S0)

3.0

3.2

3.4

3.6

3.8

2MD

0%+ 1%% 1+% 0++ 1++ 2++

E1-Dominated Transitions

M1-Dominated Transitions

M
A

S
S

  
 [
G

e
V

/c
2
]

JPC

15

E
v

en
ts

 /
 1

M
eV

0

500

1000

1500

2000

2500

3000

3500

4000

E
v

en
ts

 /
 1

M
eV

0

500

1000

1500

2000

2500

3000

3500

4000

3.51 3.52 3.53 3.54

-400

-200

0

200

400

600

800

1000

3.51 3.52 3.53 3.54

-400

-200

0

200

400

600

800

1000

E1 photon tagged

BESIII

)2 recoil mass (GeV/c0!
3.51 3.52 3.53 3.54

E
v

en
ts

 /
 1

M
eV

0

10000

20000

30000

40000

50000

)2 recoil mass (GeV/c0!
3.51 3.52 3.53 3.54

E
v

en
ts

 /
 1

M
eV

0

10000

20000

30000

40000

50000
Inclusive

3.51 3.52 3.53 3.54
-1000

-500

0

500

1000

1500

2000

2500

3.51 3.52 3.53 3.54
-1000

-500

0

500

1000

1500

2000

2500

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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Precise resonance parameters 
require a thorough theoretical 
understanding of line shape!

CLEO-c, PRL 102, 011801 (2009) 
24.5M psi’

Breit-Wigner modified with E3 
dependence + detector 
response + damping function

FIG. 1: Fits to the photon spectrum in exclusive J/ψ → γηc decays using relativistic Breit-

Wigner (dotted) and modified (solid) signal line shapes convolved with a 4.8MeV wide resolution
function. Total background is given by the dashed line. The dot-dashed curves indicate two major
background components described in the text.
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FIG. 3: (a) The hadronic mass spectrum in ψ(3686) → π0hc, hc → γηc, ηc → Xi summed over the
16 final states Xi. The dots with error bars represent the hadronic mass spectrum in data. The

solid line shows the total fit function and the dashed line is the background component of the fit.
(b) The background-subtracted hadronic mass spectrum with the signal shape overlaid.
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M(⌘c) = 2984.49± 1.16± 0.52MeV/c2

�(⌘c) = 36.4± 3.2± 1.7MeV/c2

Interference with non-resonant 
background small....



!c(11S0)

J/"(13S1)

"#(23S1)

"##(13D1)

hc(11P1)

$c0(13P0)

$c1(13P1)

$c2(13P2)

!c#(21S0)

3.0

3.2

3.4

3.6

3.8

2MD

0%+ 1%% 1+% 0++ 1++ 2++

E1-Dominated Transitions

M1-Dominated Transitions

M
A

S
S

  
 [
G

e
V

/c
2
]

JPC

15

E
v

en
ts

 /
 1

M
eV

0

500

1000

1500

2000

2500

3000

3500

4000

E
v

en
ts

 /
 1

M
eV

0

500

1000

1500

2000

2500

3000

3500

4000

3.51 3.52 3.53 3.54

-400

-200

0

200

400

600

800

1000

3.51 3.52 3.53 3.54

-400

-200

0

200

400

600

800

1000

E1 photon tagged

BESIII

)2 recoil mass (GeV/c0!
3.51 3.52 3.53 3.54

E
v

en
ts

 /
 1

M
eV

0

10000

20000

30000

40000

50000

)2 recoil mass (GeV/c0!
3.51 3.52 3.53 3.54

E
v

en
ts

 /
 1

M
eV

0

10000

20000

30000

40000

50000
Inclusive

3.51 3.52 3.53 3.54
-1000

-500

0

500

1000

1500

2000

2500

3.51 3.52 3.53 3.54
-1000

-500

0

500

1000

1500

2000

2500

Introduction to the BESIII Experiment

QCD

accelerator

detector

data

analysis
a bigger picture

phenomenology

and theory

�
(M

1)

light hadrons

“charmonium ground state”

M1 transition to ground state:

Significant larger statistics
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transition involved)

hindered M1 transition small 
(large contribution of non-
resonant background)
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4

contribution from other ψ(3686) decays. Backgrounds
from the e+e− → qq̄ continuum process are studied us-
ing a data sample taken at

√
s = 3.65 GeV. Contin-

uum backgrounds are found to be small and uniformly
distributed in M(Xi). There is also an irreducible non-
resonant background, ψ(3686) → γXi, that has the same
final state as signal events. A non-resonant component
is included in the fit to the ηc invariant mass.

Figure 1 shows the ηc invariant mass distributions for
selected ηc candidates, together with the estimated π0Xi

backgrounds, the continuum backgrounds normalized by
luminosity, and other ψ(3686) decay backgrounds esti-
mated from the inclusive MC sample. A clear ηc signal
is evident in every decay mode. We note that all of the
ηc 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 expected level of the smooth background. This be-
havior of the signal suggests possible interference with
the non-resonant γXi amplitude. In this analysis, we as-
sume 100% of the non-resonant amplitude interferes with
the ηc.

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,
non-resonant background, and a combined background
consisting of π0Xi decays, continuum, and other ψ(3686)
decays. The signal is described by a Breit-Wigner func-
tion (BW ) convolved with a resolution function. The
non-resonant amplitude is real, and is described by an
expansion to second order in Chebychev polynomials de-
fined and normalized over the fitting range. The com-
bined background is fixed at its expected intensity, as
described earlier. The fitting probability density func-
tion (PDF) as a function of mass (m) reads:

F (m) = σ ⊗
[

ε(m)
∣

∣

∣
eiφE7/2

γ S(m) + αN (m)
∣

∣

∣

2
]

+ B(m)

where S(m), N (m) and B(m) are the signal, the non-
resonant γXi component, and the combined background,
respectively; Eγ is photon energy; σ is the experimen-
tal resolution and ε(m) is the mass-dependent efficiency.
The E7

γ multiplying |S(m)|2 reflects the expected energy
dependence of the hindered-M1 transition [16], which
partially contributes to the ηc low mass tail as well as
the interference effect. The interference phase, φ, and
the strength of the non-resonant component, α, are al-
lowed to vary in the fit.

The mass-dependent efficiencies are determined from
phase space distributed MC simulations of the ηc decays.
Efficiencies obtained from MC samples that include in-
termediate states change the resulting mass and width
by negligible amounts. MC studies indicate that the res-
olution 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 sim-
ulation for each ηc decay mode. The consistency be-
tween the data and MC simulation is checked by the de-
cay ψ(3686) → γγJ/ψ, where the J/ψ decays into the
same final states as the ηc. We use a smearing Gaussian
function to describe possible discrepancies between data
and MC simulations. By fitting the MC-determined J/ψ
shape convolved by a smearing Gaussian function to the
data, we determine the parameters of the Gaussian func-
tion. Due to the different kinematics, the parameters are
slightly different for each mode.

In the simultaneous fit, the ηc mass and width are con-
strained to be the same for all the decay modes but still
free parameters; the two Chebyshev polynomial coeffi-
cients and the factor α are also allowed to float. Two
solutions for the relative phase are found for each decay
mode, one corresponds to constructive and the other de-
structive interference between the two amplitudes at the
ηc peak. Regardless of which solution we take, the mass,
width of the ηc and the overall fit quality are always un-
changed [17]. The mass is M = 2984.3 ± 0.6 MeV/c2,
and width Γ = 32.0 ± 1.2 MeV. The goodness-of-fit
χ2/ndf = 283.4/274, which indicates a reasonable fit.
The solutions for relative phase of each mode are listed
in Table I.

TABLE I: Solutions of relative phase (in unit of radian) of
each decay mode.

mode constructive destructive

KSK
+π− 2.94± 0.27 3.75± 0.26

K+K−π0 2.63± 0.21 3.96± 0.19

ηπ+π− 2.41± 0.13 4.28± 0.09

KSK+π+π−π− 2.16± 0.11 4.46± 0.07

K+K−π+π−π0 2.73± 0.19 4.00± 0.16

3(π+π−) 2.28± 0.10 4.43± 0.06

However, without the interference term, the fit would
miss some data points, especially where the symmetric
shape of a Breit-Wigner function is deformed, and the
goodness-of-fit is χ2/ndf = 426.6/280. The statistical
significance of the interference, calculated based on the
differences of likelihood and degrees of freedom between
fits with and without interference, is of order 15σ.

The systematic uncertainties of the ηc mass and width
mainly come from the background estimation, the mass
scale and resolution, the shape of the non-resonant com-
ponent, the fitting range, and the efficiency.

In the fit, the π0Xi background is fixed at its expected
intensity, so the statistical uncertainty of the observed
π0Xi events introduces a systematic error. To estimate
this uncertainty, we vary the number of events in each
bin by assuming Gaussian variations from the expected
value. We repeat this procedure a thousand times, and

PDF:



Bottom line: must take into account distorted line-shape 
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dependence of the hindered-M1 transition [16], which
partially contributes to the ηc low mass tail as well as
the interference effect. The interference phase, φ, and
the strength of the non-resonant component, α, are al-
lowed to vary in the fit.

The mass-dependent efficiencies are determined from
phase space distributed MC simulations of the ηc decays.
Efficiencies obtained from MC samples that include in-
termediate states change the resulting mass and width
by negligible amounts. MC studies indicate that the res-
olution 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 sim-
ulation for each ηc decay mode. The consistency be-
tween the data and MC simulation is checked by the de-
cay ψ(3686) → γγJ/ψ, where the J/ψ decays into the
same final states as the ηc. We use a smearing Gaussian
function to describe possible discrepancies between data
and MC simulations. By fitting the MC-determined J/ψ
shape convolved by a smearing Gaussian function to the
data, we determine the parameters of the Gaussian func-
tion. Due to the different kinematics, the parameters are
slightly different for each mode.

In the simultaneous fit, the ηc mass and width are con-
strained to be the same for all the decay modes but still
free parameters; the two Chebyshev polynomial coeffi-
cients and the factor α are also allowed to float. Two
solutions for the relative phase are found for each decay
mode, one corresponds to constructive and the other de-
structive interference between the two amplitudes at the
ηc peak. Regardless of which solution we take, the mass,
width of the ηc and the overall fit quality are always un-
changed [17]. The mass is M = 2984.3 ± 0.6 MeV/c2,
and width Γ = 32.0 ± 1.2 MeV. The goodness-of-fit
χ2/ndf = 283.4/274, which indicates a reasonable fit.
The solutions for relative phase of each mode are listed
in Table I.

TABLE I: Solutions of relative phase (in unit of radian) of
each decay mode.

mode constructive destructive

KSK
+π− 2.94± 0.27 3.75± 0.26

K+K−π0 2.63± 0.21 3.96± 0.19

ηπ+π− 2.41± 0.13 4.28± 0.09

KSK+π+π−π− 2.16± 0.11 4.46± 0.07

K+K−π+π−π0 2.73± 0.19 4.00± 0.16

3(π+π−) 2.28± 0.10 4.43± 0.06

However, without the interference term, the fit would
miss some data points, especially where the symmetric
shape of a Breit-Wigner function is deformed, and the
goodness-of-fit is χ2/ndf = 426.6/280. The statistical
significance of the interference, calculated based on the
differences of likelihood and degrees of freedom between
fits with and without interference, is of order 15σ.

The systematic uncertainties of the ηc mass and width
mainly come from the background estimation, the mass
scale and resolution, the shape of the non-resonant com-
ponent, the fitting range, and the efficiency.

In the fit, the π0Xi background is fixed at its expected
intensity, so the statistical uncertainty of the observed
π0Xi events introduces a systematic error. To estimate
this uncertainty, we vary the number of events in each
bin by assuming Gaussian variations from the expected
value. We repeat this procedure a thousand times, and

Statistical significance of interference: 15�

� [rad]
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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.
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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))
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Discovery of ηʹ′c by Belle in   B→Kηcʹ′(→KKπ)
confirmed by BaBar, Cleo

Disagreement of experiments on the mass and with 
early findings by Crystal Ball (3594). Only marginal 
consistency with most theoretical predictions.

VOLUME 48, NUMBER 2 PHYSICAL REVIEW LETTERS 11 JANUARv 1982

(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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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

collaboration thanks the staff of BEPCII and the com-
puting center for their hard efforts. This work is sup-
ported in part by the Ministry of Science and Tech-
nology of China under Contract No. 2009CB825200;
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-
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B(ψ(3686) → γηc(2S))× B(ηc(2S) → KK̄π), measurements.
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difference in the efficiency was found between the default
and alternative MC samples for K0
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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-
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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
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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

First observation of M1 transition to etac(2S): 
significance ~10 sigma
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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.
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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
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17

First observation of ’ ηc(2S)
Combined statistical significance:  >10σPRL 109, 042003 (2012)

Using B(ηc (2S)→  K  Kπ) = (1.9 ± 0.4 ± 1.1)% 
(BABAR)
B(  Ψ(2S)→γηc(2S) ) = (6.8 ± 1.1 ± 4.5) × 10−4

CLEO-c: < 7.6 × 10−4  [PRD 81, 052002 (2010)]
Potential models: (0.1∼6.2)×10−4  

[arXiv:0909.2812]
2013-3-3

Notes: 
1) using Babar result:

2) consistent with 
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B(  Ψ(2S)→γηc(2S) ) = (6.8 ± 1.1 ± 4.5) × 10−4

CLEO-c: < 7.6 × 10−4  [PRD 81, 052002 (2010)]
Potential models: (0.1∼6.2)×10−4  

[arXiv:0909.2812]
2013-3-3
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radial excitation of the g.s.

?

a) The event yield extraction method (fit to the K_SK3pi invariant mass) 
should be briefly described in the introduction. 
 
Answer: Thank you for your suggestion. In the introduction, we change “We 
study the decay exclusively by reconstructing the etac(2S) from its hadronic 
decay products and analyze the etac(2S) candidate mass for an evidence of 
psi(3686)->gamma etac(2S)” to “We study the exclusive decay of psi’->gamma 
KsKpipipi and search for the hadronic decays of the etac(2S) from a fit to 
the invariant mass spectrum of KsKpipipi.” 
 
 
b) How many gammas / event are there in average? What is the 
efficiency/purity of the gamma selection? 
 
Answer: There are 2.3 gammas per event in average from MC simulation. The 
efficiency of the gamma selection is 88.2% and the purity is 45.5%. We 
define the purity of the gamma selection as the number of transition photons 
over the number of selected candidates. 
  
c) What is the efficiency/purity of the signal selection? 
 
Answer: The efficiency of the signal selection is 11.1% from MC simulation 
which was mentioned in the last paragraph in the section of data analysis. 
If we take signal events stems from psi(3686)->gamma ksk3pi, the purity is 
91.5%. We define the purity of the signal selection as the number of signal 
events with respect to the total number of events within the fitting range 
(3.3 – 3.7GeV). {Since we define the signal as psi(3686)->gamma ksk3pi, so  
the chicJ event are treated as the signals)   
  
d) A plot of the background subtracted K_SK3pi invariant mass distribution 
(inset of Fig. 3) would be very useful.  
 
Answer: Yes, thank you for your suggestion. We update Fig. 3 in the paper. 
Please find it in the following plot. 
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•  M(ηc") = 3646.9±1.6±3.6  MeV/c2 

•  Γ(ηc") = 9.9±4.8±2.9 MeV 

•  Br(ψ'→γηc"→γKSKπππ)=(7.03±2.10±0.70) ×10-6 

4.2σ (57 +/− 17 cnts)

PRD87, 052005 (2013)
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FIG. 4: Invariant mass distributions of the vector meson pairs
after a 3C kinematic fit for the modes (a) ρ0ρ0, (b) K∗0K̄∗0,
and (c) φφ. Dots with error bars are data, and the solid curves
in (a) and (b) are from the best fit to the mass spectra. No
fit is performed for (c) due to low statistics. In (a) and (b),
the η′c signals are shown as short dashed lines, ψ′ → π0X
backgrounds are in dotted lines, continuum in long dashed
lines, and ψ′ → (γFSR)X in short dash-dot-dotted lines.

K∗0, the PDF is taken to be the likelihood distribution
in fitting the invariant mass distributions in Fig. 4 by
setting the number of η′c signal events from zero up to
a very large number. For V = φ, the one event in the
η′c mass region is taken as signal for simplicity, and the
PDF is assumed to be a Poisson distribution.

The upper limit on the number of events
at the 90% C.L., Nup

γV V , corresponds to
∫ Nup

γV V

0 PDF(x)dx/
∫∞

0 PDF(x)dx = 0.90 on the smeared
PDF. The left half of Table II shows Nup, the efficiencies
from MC simulation, and the upper limits on the
product branching fraction B(ψ′ → γη′c)× B(η′c → V V ).
Using B(ψ′ → γη′c) = (4.7 ± 0.9 ± 3.0) × 10−4 [4], the
corresponding upper limits on B(η′c → V V ) are listed in
the right half of Table II. In calculating Bup(η′c → V V ),
the error on B(ψ′ → γη′c) is taken as a systematic
uncertainty to smear the PDF. The theoretical predic-
tions [6] on branching fractions for η′c → V V , which are
calculated with Γη′

c
= 10.4± 4.2 MeV [23], are also listed

in Table II.

In conclusion, no obvious η′c signal was observed in
decays into vector meson pairs: ρ0ρ0, K∗0K̄∗0, and
φφ. The upper limits on the product branching frac-
tion B(ψ′ → γη′c)×B(η′c → V V ) and η′c decay branching
fraction B(η′c → V V ) are determined. These upper lim-
its are smaller than the lower bounds of the theoretical
predictions [6], although the difference is very small for
η′c → φφ.

The BESIII Collaboration thanks the staff of BEPCII
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work is supported in part by the Ministry of Science and
Technology of China under Contract No. 2009CB825200;
National Natural Science Foundation of China (NSFC)
under Contracts No. 10625524, No. 10821063, No.
10825524, No. 10835001, No. 10935007; the Chinese
Academy of Sciences (CAS) Large-Scale Scientific Fa-
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YW-N29, No. KJCX2-YW-N45; 100 Talents Program
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project No. 32 with CAS; U. S. Department of Energy
under Contracts No. DE-FG02-04ER41291, No. DE-
FG02-91ER40682, No. DE-FG02-94ER40823; Univer-
sity of Groningen (RuG) and the Helmholtzzentrum fuer
Schwerionenforschung GmbH (GSI), Darmstadt; WCU
Program of National Research Foundation of Korea un-
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VV

Suppressed by helicity selection rule 
--> charmed meson loops (Liu, Zhao)? 

< 3.1⇥ 10�3

< 5.4⇥ 10�3

< 2.0⇥ 10�3

Upper limits
(90% C.L.)

(6� 29)⇥ 10�3

(8� 36)⇥ 10�3

(2� 10)⇥ 10�3

arXiv:1004.0496



Charmonium Hadron Decay Studies with BESIII

Quality data to study charmonium decays 
with world’s best precision

charmonium g.s. + radial excitation: 
new insights and discoveries! But thorough 
theory input required!

P-wave singlet state (hc): 
mass and width measured, hadronic decay 
properties in progress ....

BESIII and the near future: 
more results at psi(2S) mass to be expected 
new data at >4 GeV: discovery potential!

Charmonium Spectroscopy - probing the strong force



VV decays in P-wave charmonium
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�(E1)
Huge statistics due to large E1 
transition rate

Ideal testing ground for 
(perturbative) QCD calculations:

�c1 ! (��,!!,!�)
HSR: highly suppressed?
          long-distance effects?

�cJ ! !�
Doubly OZI suppressed
To be observed?
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(a) φφ

χc0 χc1 χc2

(b) φφ

(c) ωω

(d) ωφ

FIG. 2: Invariant mass of V V for (a) φφ mode in the
γ2(K+K−) final state, (b) φφ mode in the γπ+π−π0K+K−

final state, (c) ωω mode in the γ2(π+π−π0) final state, and
(d) ωφ mode in the γπ+π−π0K+K− final state. The points
with error bars are the data; the solid lines are the fit re-
sults; and dotted lines represent the signal components. The
shaded and open histograms in (a,b) and (c), respectively, are
peaking backgrounds. In (c), the shaded histogram denotes
the non-χcJ backgrounds. In (d) the long dash line is back-
ground normalized by a simultaneous fit to ωφ sidebands, and
the dash-dot line is non-χcJ background.

from χcJ → φφ → 2(π+π−π0) and χc0/2 → ηη →
2(π+π−π0) do not survive our selection criteria. As in
the χcJ → φφmode, the sizes of the peaking backgrounds
from χcJ → ωπ+π−π0 and 2(π+π−π0) are evaluated by
selecting data events located in sideband boxes A and
B, respectively, as indicated in Fig. 1(c). The peaking
backgrounds are normalized according to the ratio of MC
events falling into the signal region and those falling into
the sidebands. The normalization of these peaking back-
grounds is fixed in the final fit.
To study χcJ → ωφ and φφ decays into the

K+K−π+π−π0 final state, the photon pair with invari-
ant mass closest to the π0 nominal mass is taken as the π0

candidate. A scatterplot of masses for K+K− pairs ver-
sus that for π+π−π0 pairs is shown in Fig. 1(e), and the
Mπ+π−π0 distribution for events satisfying φ → K+K−

is shown in Fig. 1(f), where the ω → π+π−π0 and
φ → π+π−π0 signals are clearly seen. The φφ and ωφ
mass spectra are shown in Figs. 2 (b) and 2 (d), respec-
tively. Similar to the case for χcJ → φφ → 2(K+K−),
the peaking backgrounds from the χcJ → φπ+π−π0 or
φK+K−, and K+K−π+π−π0 are evaluated by selecting
data events falling into sideband boxes A and B, respec-

tively, as indicated in the inserted plot in Fig. 1(e). The
peaking backgrounds are normalized according to the ra-
tio of MC events falling into the signal region and those
falling into the sidebands. The normalization of these
peaking backgrounds is fixed in the final fit.

The numbers of observed events are obtained by fit-
ting the MV V distributions. The observed line shapes
are described with modified χcJ MC shapes plus back-
grounds. Possible interference effects between the sig-
nal mode and the peaking background modes are not
considered for all modes. The original χcJ MC shapes
are generated by a relativistic Breit-Wigner incorporated
with full helicity amplitudes in the EvtGen package [14],
and their masses and widths are set to the nominal val-
ues [15]. In the fits they are modified by convolving
them with Gaussian functions G(MV V −δMJ ,σJ ), where
δMJ and σJ correct the χcJ mass and width or res-
olution, respectively, in the simulation. The values of
δMJ and σJ , determined from the fits, are less than 1
MeV for all modes and from 1 to 5 MeV, respectively.
Backgrounds from QED processes, which are estimated
from the application of a similar analysis to the contin-
uum data, are negligible. For χcJ → φφ, the peaking
backgrounds are fixed to the sideband estimates as men-
tioned above, and other combinatorial backgrounds are
parameterized by a second-order polynomial with param-
eters that are allowed to float in the fit. For all modes,
a maximum-likelihood technique[16] is employed to es-
timate parameters. After projecting the best fit into
the binned histograms shown in Fig. 2, we determine
χ2/ndf = 0.46 for χcJ → φφ → 2(K+K−) and 0.50 for
the χcJ → φφ→ K+K−π+π−π0, where ndf is the num-
ber of degrees of freedom. The fitted results are plotted
in Fig. 2(a) and (b), respectively. The numbers of signal
events are listed in Table I.

For the χcJ → ωω channel, backgrounds include the
peaking backgrounds estimated from ω sidebands indi-
cated in Fig. 1 (c), non-χcJ backgrounds (ψ(3686) →
γωω) fixed at the normalized MC shape of phase space
using the data information, and smooth combinatorial
backgrounds that are parametrized by a second-order
polynomial. The χ2/ndf for the fit is 0.97. The fit results
are shown in Fig. 2 (c).

To extract the signal yield, as well as to estimate the
statistical significance for the χcJ → ωφ mode, a si-
multaneous fit is performed to Mωφ distributions both
in ωφ signal and sideband regions of boxes A and B

[see Fig. 1 (e)]. The peaking backgrounds are normal-
ized according to the ratio of MC events falling into
the signal region to those falling into the sideband re-
gions for the ψ(3686) → γφπ+π−π0, γωK+K− and
ψ(3686) → γK+K−π+π−π0 events that are within the
χcJ mass region. Because of the low signal yield in this
mode, the parameters δMJ and σJ of the modified MC
shapes are fixed at the values determined in the fit of
χcJ → φφ → K+K−π+π−π0. The χ2/ndf is 0.62. The
fit results are shown in Fig. 2 (d), and the numbers of
signal events are listed in Table I.

PRL107, 092001 (2011)

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”)
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TABLE I: Summary of the branching fractions (B) for χcJ →

φφ, ωω, and ωφ. Here Nnet is the number of signal events,
ε is the detection efficiency. The upper limit is estimated at
the 90% C.L.

Mode Nnet ε (%) B(×10−4)
χc0 → φφ 433 ± 23 22.4 7.8± 0.4± 0.8
χc1 → φφ 254 ± 17 26.4 4.1± 0.3± 0.4
χc2 → φφ 630 ± 26 26.1 10.7 ± 0.4 ± 1.1
→ 2(K+K−)
χc0 → φφ 179 ± 16 12.8 9.2± 0.7± 1.0
χc1 → φφ 112 ± 12 15.3 5.0± 0.5± 0.6
χc2 → φφ 219 ± 16 14.9 10.7 ± 0.7 ± 1.2
→ K+K−π+π−π0

Combined:
χc0 → φφ — — 8.0± 0.3± 0.8
χc1 → φφ — — 4.4± 0.3± 0.5
χc2 → φφ — — 10.7 ± 0.3 ± 1.2
χc0 → ωω 991 ± 38 13.1 9.5± 0.3± 1.1
χc1 → ωω 597 ± 29 13.2 6.0± 0.3± 0.7
χc2 → ωω 762 ± 31 11.9 8.9± 0.3± 1.1
→ 2(π+π−π0)
χc0 → ωφ 76± 11 14.7 1.2± 0.1± 0.2
χc1 → ωφ 15± 4 16.2 0.22 ± 0.06 ± 0.02
χc2 → ωφ < 13 15.7 < 0.2
→ K+K−π+π−π0

The uncertainties due to the modified χcJ MC shapes
are estimated by replacing them with Breit-Wigner func-
tions convolved with the instrumental resolution func-
tions in the fits. The quality of the resulting fit is not as
good as using the modified MC shapes. The difference of
signal yields varies from 1% to 4%, and this is included
as a systematic error.

The detection efficiencies are determined fromMC sim-
ulations for the sequential decays ψ(3686) → γχcJ →
V V , V decays into the selected final state. The decays
ψ(3686) → γχcJ are generated by assuming a pure E1
transition. The χcJ → V V decays and subsequent de-
cays of the V are modeled with helicity amplitudes that
provide angular distributions consistent with the data.

The systematic uncertainties on the χcJ decay branch-
ing fractions arise from the π± and K± tracking, K±

identification, EMC shower reconstruction, number of
ψ(3686) decays, kinematic fitting, modified MC shapes,
background estimation, χcJ signal extraction and uncer-
tainties from branching fractions of ψ(3686) → γχcJ ,
φ → K+K−, ω → π+π−π0 and π0 → γγ. The un-
certainties caused by MDC tracking are estimated to be
2% for each charged track [17]. The uncertainty due
to K± identification is evaluated to be 2% per kaon
[17]. The uncertainty due to the photon reconstruction
is determined to be 1% for each photon [17]. The un-
certainty in the number of ψ(3686) decays is 4% [12].
The uncertainties due to the kinematic fit are deter-
mined by comparing the efficiency at the given χ2

4C val-
ues for the MC sample to control samples selected from

data, i.e, ψ(3686) → γφφ → γ2(K+K−), ψ(3686) →
π0π0J/ψ, J/ψ → 2(π+π−),π02(π+π−) and ψ(3686) →
π+π−J/ψ, J/ψ → K+K−π0. The kinematic-fit un-
certainty varies from 0.5% (γ2(π+π−π0) mode) to 3.7%
(γK+K−π+π−π0 mode). The uncertainties of the peak-
ing backgrounds for χcJ → φφ → 2(K+K−) are evalu-
ated by comparing the sideband estimates to the exclu-
sive MC simulation on the modes χcJ → φK+K− and
2(K+K−), while for other modes the uncertainties are
estimated by varying the size of sideband boxes. The un-
certainties of the peaking background estimates are less
than 3%. The uncertainty from the MC normalization
factor is found to be negligibly small. The total system-
atic uncertainties are 10% for χcJ → φφ → 2(K+K−)
mode, and 11% for χcJ → ωω → 2(π+π−π0), χcJ →
φφ, ωφ→ K+K−π+π−π0 modes.

The branching fractions for χcJ decays are determined
from B = Nnet/(Nψ(3686)ε

∏
i Bi), where Nnet and ε are

the number of net signal events and the detection effi-
ciency, respectively. The detection efficiencies are listed
in Table I. Here Nψ(3686) = (106 ± 4) × 106 [12] is
the number of ψ(3686) events, and

∏
i Bi is the prod-

uct of world average branching fractions values [15] for
ψ(3686) → γχcJ and the other meson decays that are
involved. For the χcJ → φφ → K+K−π+π−π0 branch-
ing fraction we double the efficiency listed in Table I since
our analysis sums over the two combinations for each φ to
decay to eitherK+K− or π+π−π0. The resulting branch-
ing fractions are listed in Table I. The statistical signifi-
cance of χcJ → ωφ is derived from the change of −2 lnL
obtained from fits with and without each of the three
χcJ → ωφ signal components. We obtain a significance
of 4.1σ for χc1 → ωφ and 1.5σ for χc2 → ωφ. The signif-
icance of the χc0 → ωφ signal is 10σ. Using the Bayesian
method, the upper limit for the number of signal events
of the χc2 → ωφ mode is 13 at the 90% confidence level
(C.L.). The branching fractions for χcJ → φφ mea-
sured in 2(K+K−) and (K+K−)(π+π−π0) final states
are combined into a weighted average, where common
systematic uncertainties are counted only once.

In summary, the HSR suppressed decays of χc1 →
φφ, ωω, and the doubly OZI suppressed decay χc0 → ωφ
are observed for the first time. The branching fractions
are measured to be (4.4± 0.3± 0.5)× 10−4, (6.0± 0.3±
0.7)× 10−4, and (1.2± 0.1± 0.2)× 10−4, for χc1 → φφ,
ωω, and χc0 → ωφ, respectively, We also find evidence
for χc1 → ωφ decay with a signal significance of 4.1σ.
The branching fractions for χc0/2 → φφ,ωω decays are
remeasured with a precision that is better than those
of the current world average values [15]. These precise
measurements will be helpful for understanding χcJ de-
cay mechanisms. In particular, the measured branching
fractions for χc1 → V V indicate that HSR is significantly
violated and that long distance effects play an important
role in this energy region. The long distance effects from
the intermediate charmed meson loops in χc1 → φφ and
ωω decays [7, 8] can contribute to the branching fractions
at the level of 10−4 but are more than an order of mag-
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