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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$
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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
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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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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
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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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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
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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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nonrelativistic model based on the Schrödinger equation
with a Coulomb plus linear potential, and the Godfrey-
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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-
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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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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
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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$
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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
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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
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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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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.
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nonrelativistic potential model, with wave functions deter-
mined by the Schrödinger equation with a conventional
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plus linear scalar form, and also include a Gaussian-
smeared contact hyperfine interaction in the zeroth-order
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(OGE) forces. The contact form / ## ~x$ is actually an
artifact of an O#v2

q=c2$ expansion of the T-matrix [49],
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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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T. BARNES, S. GODFREY, AND E. S. SWANSON PHYSICAL REVIEW D 72, 054026 (2005)

054026-2

Example from Barnes, Godfrey, Swanson:

(Coulomb  +  Confinement   +   Contact)

(Spin-Orbit       +      Tensor)

PRD72,054026 (2005)

PRD72, 054026 (2005)

I.  An Introduction to Charmonium

c c
CHARMONIUM

c c
HYBRID CHARMONIUM

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

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

Ryan Mitchell Charmonium and the Role of BESIII 10

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
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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
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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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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-
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tance of corrections to the valence approximation; the
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nonrelativistic model based on the Schrödinger equation
with a Coulomb plus linear potential, and the Godfrey-
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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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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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TABLE I: Event-selection requirements for each exclusive channel.

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

pp̄ 30 N(p) ≥ 1 no no yes no no
π+π−π+π− 60 N(π) ≥ 3 yes yes yes yes yes

K+K−K+K− 60 N(K) ≥ 3 no no no yes no
K+K−π+π− 40 N(K) ≥ 2, N(π) ≥ 0 yes yes yes yes yes

pp̄π+π− 30 N(p) ≥ 2, N(π) ≥ 0 yes yes yes yes yes
π+π−π+π−π−π− 50 N(π) ≥ 4 yes yes no yes yes
K+K−π+π−π−π− 70 N(K) ≥ 2, N(π) ≥ 2 yes no no no no

K+K−π0 50 N(K) ≥ 1 no yes no no no
pp̄π0 40 N(p) ≥ 1 no yes yes yes no
K0

SK
±π∓ 70 − no no no no yes

K0
SK

±π∓π±π∓ 50 − no no yes no no
π+π−η 50 − no no no yes no

K+K−η 70 N(K) ≥ 1 no no yes yes no
π+π−π+π−η 30 − yes no no yes no
π+π−π0π0 40 − yes yes yes yes yes

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

final states Xi. The dots with error bars represent the π0 recoil mass spectrum in data. The solid
line shows the total fit function and the dashed line is the background component of the fit.

IV. EXTRACTION OF YIELDS AND RESONANCE PARAMETERS

We obtain the hc mass, width and branching ratios from simultaneous fits to the π0 recoil
mass distributions for the 16 exclusive ηc decay modes. Here only 1-C kinematic fits with
π0 mass hypothesis are used to improve the energy resolution. The 4C-fits used in event
selection are not used in the π0 recoil mass reconstruction, because the energy resolution of
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TABLE I: Event-selection requirements for each exclusive channel.
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pp̄π0 40 N(p) ≥ 1 no yes yes yes no
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±π∓ 70 − no no no no yes

K0
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±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
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FIG. 1: The π0 recoil mass spectrum in ψ(3686) → π0hc, hc → γηc, ηc → Xi summed over the 16

final states Xi. The dots with error bars represent the π0 recoil mass spectrum in data. The solid
line shows the total fit function and the dashed line is the background component of the fit.

IV. EXTRACTION OF YIELDS AND RESONANCE PARAMETERS

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

8

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!



!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

TABLE I: Event-selection requirements for each exclusive channel.

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

pp̄ 30 N(p) ≥ 1 no no yes no no
π+π−π+π− 60 N(π) ≥ 3 yes yes yes yes yes

K+K−K+K− 60 N(K) ≥ 3 no no no yes no
K+K−π+π− 40 N(K) ≥ 2, N(π) ≥ 0 yes yes yes yes yes

pp̄π+π− 30 N(p) ≥ 2, N(π) ≥ 0 yes yes yes yes yes
π+π−π+π−π−π− 50 N(π) ≥ 4 yes yes no yes yes
K+K−π+π−π−π− 70 N(K) ≥ 2, N(π) ≥ 2 yes no no no no

K+K−π0 50 N(K) ≥ 1 no yes no no no
pp̄π0 40 N(p) ≥ 1 no yes yes yes no
K0

SK
±π∓ 70 − no no no no yes

K0
SK

±π∓π±π∓ 50 − no no yes no no
π+π−η 50 − no no no yes no

K+K−η 70 N(K) ≥ 1 no no yes yes no
π+π−π+π−η 30 − yes no no yes no
π+π−π0π0 40 − yes yes yes yes yes

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

final states Xi. The dots with error bars represent the π0 recoil mass spectrum in data. The solid
line shows the total fit function and the dashed line is the background component of the fit.

IV. EXTRACTION OF YIELDS AND RESONANCE PARAMETERS

We obtain the hc mass, width and branching ratios from simultaneous fits to the π0 recoil
mass distributions for the 16 exclusive ηc decay modes. Here only 1-C kinematic fits with
π0 mass hypothesis are used to improve the energy resolution. The 4C-fits used in event
selection are not used in the π0 recoil mass reconstruction, because the energy resolution of
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!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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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.
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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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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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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 
(low-energy QCD expansion)
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FIG. 2. (color online) Plot a: unbinned maximum likelihood
fit to the distribution of Mγsm−recoil in data with combina-
tion of the two J/ψ-decay modes. Thick lines are the sum of
the fitting models and long-dashed lines are the χcJ shapes.
Short-dashed lines represent the two-photon signal process-
es. Shaded histograms are ψ(3686)-decay backgrounds (yel-
low) and non-ψ(3686) backgrounds (green), with the fixed
amplitude and shape taken from MC simulation and contin-
uum data. Plot b: the number of standard deviations, nσ,
of data points from the fitted curves in plot a. The rates of
the signal process and sequential χcJ processes are derived
from these fits. Plot c: distributions of Mγγ−recoil in data
(signals and known backgrounds) with the kinematic require-
ment 3.44GeV/c2 < Mγsm−recoil < 3.48GeV/c2 and with the
removal of χ2

KF and Mγγ−recoil restrictions. Plot d: stacked
histograms of the three χcJ components in plot c.

formulae in Ref. [18]. Note that the χcJ line shapes were
simulated with the Breit-Wigner distributions weighted
with E3

γ∗
1
E3
γ∗
2
to account for the double E1 transitions,

and extended out to ±200MeV/c2 away from the nomi-
nal masses, using masses and widths in PDG [14]. Here,
Eγ∗

1
(Eγ∗

2
) is the energy of the radiative photon γ∗1 (γ

∗
2 ) in

the rest frame of the mother particle ψ(3686)(χcJ ).
The yield of the signal process ψ(3686) → γγJ/ψ,

together with those of the cascade E1 transition pro-
cesses, is estimated by a global fit to the spectrum of
Mγsm−recoil. The fit results are shown in Fig. 2. The
shape and magnitude of ψ(3686)-decay backgrounds were
fixed based on MC simulation. Non-ψ(3686) decay back-
grounds are estimated in continuum data, scaling by lu-
minosity and the 1/s dependence of the cross sections.
This scaling is verified by the good description of the
J/ψ backgrounds in the Mγγ−recoil distribution shown in
Fig. 1(a). The distributions of the signal process and
the cascade E1 process are taken from the reconstructed
shapes in MC simulation of the modes and smeared with
an asymmetric Gaussian with free parameters, which is
used to compensate for the difference in line shape be-
tween MC and data. By taking the MC shape, detector
resolution and wrong assignment of the E1 photon are
taken into account. The quality of goodness-of-fit test,
χ2/d.o.f.= 108.0/94 = 1.15 in the γγe+e− mode and
124.8/94 = 1.33 in the γγµ+µ− mode. The observed sig-
nal yields are given in Table I. The ψ(3686) → γγJ/ψ
transition is observed with a statistical significance of
6.6σ, as determined by the ratio of the maximum likeli-
hood value and the likelihood value for a fit with null-

TABLE I. For different channels: the number of observed sig-
nals ne (nµ) and detection efficiency εe (εµ) in γγe+e− (γγµ+µ−)
mode; the absolute branching fractions. On the bottom, the rel-
ative branching fractions RMN ≡ BχcM /BχcN , where BχcJ ≡
B(ψ(3686) → γ(γJ/ψ)χcJ ) are listed. Here the first errors are
statistical and the second are systematic.

Channels ne εe(%) nµ εµ(%) B(×10−4)
γγJ/ψ 564±116 22.4 536±128 30.0 3.1 ± 0.6+0.8

−1.0

γ(γJ/ψ)χc0 1801±60 19.3 2491±69 26.0 15.1 ± 0.3 ± 1.0
γ(γJ/ψ)χc1 59953±253 28.5 81922±295 38.2 337.7 ± 0.9 ± 18.3
γ(γJ/ψ)χc2 32171±187 27.5 44136±219 37.1 187.4 ± 0.7 ± 10.2

R21 ≡ Bχc2
Bχc1

(%) R01 ≡ Bχc0
Bχc1

(%) R02 ≡ Bχc0
Bχc2

(%)

55.47 ± 0.26 ± 0.11 4.45 ± 0.09 ± 0.18 8.03 ± 0.17 ± 0.33

signal hypothesis. When the systematic uncertainties are
taken into account with the assumption of Gaussian dis-
tributions, the significance is evaluated to be 3.8σ, which
corresponds to a probability of a background fluctuation
to the observed signal yield of 7.2×10−5. The upper lim-
it for B(ψ(3686) → γγJ/ψ) is estimated to be 4.5× 10−4

at the 90% confidence level including systematic uncer-
tainties.

In calculating B(γγJ/ψ), a correction factor is includ-
ed due to the interferences among χcJ states. This ef-
fect was checked by the variations of the observed signals
in the global fit with inclusion of a floating interference
component, which is modeled by the detector-smeared
shape of a theoretical calculation [5]. It is found that
relative changes on the signal yields are negative with
lower bound of −10%. Hence, a correction factor 0.95 is
assigned and 5% is taken as systematic uncertainty.

A cross-check on our procedures is performed with
the Mγγ−recoil spectrum for the events in the region
3.44GeV/c2 < Mγsm−recoil < 3.48GeV/c2 without re-
strictions on χ2

KF and Mγγ−recoil, as shown in Fig. 2(c).
An excess of data above known backgrounds can be seen
around the J/ψ nominal mass, which is expected from
the sought-after two-photon process. With the inclusion
of the estimated yields of the signal process, the excess
is well understood. The high-mass peak above the J/ψ
peak comes from the backgrounds of ψ(3686) → π0π0J/ψ
decays. This satellite peak can be well described in MC
simulation. In Fig. 2(d), the three χcJ tails show dis-
tinguishable distributions; the small left bump is from
χc1 tail, while the χc0 tail is dominant at the right side.
The distribution in data in Fig. 2(c) can only be well
described by the simulated χcJ shapes.

The angle of the normal axis of the ψ(3686) decay
plane with respect to the ψ(3686) polarization vector
(aligned to the beam axis), β, can be determined in our
data. The event rate may be expressed, to leading order,
as dN

d cos β ∝ 1 + a cos2 β. The measurement was carried

out in the rest frame of the ψ(3686) and the decay plane
of the ψ(3686) was determined with the momenta of the
two decay particles J/ψ and γlg. The signal yields in
each angular bin were extracted by the global fit to the
corresponding dataset following the aforementioned pro-
cedure. After correction of the extracted signal yields

l+l�
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es. Shaded histograms are ψ(3686)-decay backgrounds (yel-
low) and non-ψ(3686) backgrounds (green), with the fixed
amplitude and shape taken from MC simulation and contin-
uum data. Plot b: the number of standard deviations, nσ,
of data points from the fitted curves in plot a. The rates of
the signal process and sequential χcJ processes are derived
from these fits. Plot c: distributions of Mγγ−recoil in data
(signals and known backgrounds) with the kinematic require-
ment 3.44GeV/c2 < Mγsm−recoil < 3.48GeV/c2 and with the
removal of χ2

KF and Mγγ−recoil restrictions. Plot d: stacked
histograms of the three χcJ components in plot c.
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simulated with the Breit-Wigner distributions weighted
with E3
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the rest frame of the mother particle ψ(3686)(χcJ ).
The yield of the signal process ψ(3686) → γγJ/ψ,

together with those of the cascade E1 transition pro-
cesses, is estimated by a global fit to the spectrum of
Mγsm−recoil. The fit results are shown in Fig. 2. The
shape and magnitude of ψ(3686)-decay backgrounds were
fixed based on MC simulation. Non-ψ(3686) decay back-
grounds are estimated in continuum data, scaling by lu-
minosity and the 1/s dependence of the cross sections.
This scaling is verified by the good description of the
J/ψ backgrounds in the Mγγ−recoil distribution shown in
Fig. 1(a). The distributions of the signal process and
the cascade E1 process are taken from the reconstructed
shapes in MC simulation of the modes and smeared with
an asymmetric Gaussian with free parameters, which is
used to compensate for the difference in line shape be-
tween MC and data. By taking the MC shape, detector
resolution and wrong assignment of the E1 photon are
taken into account. The quality of goodness-of-fit test,
χ2/d.o.f.= 108.0/94 = 1.15 in the γγe+e− mode and
124.8/94 = 1.33 in the γγµ+µ− mode. The observed sig-
nal yields are given in Table I. The ψ(3686) → γγJ/ψ
transition is observed with a statistical significance of
6.6σ, as determined by the ratio of the maximum likeli-
hood value and the likelihood value for a fit with null-
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mode; the absolute branching fractions. On the bottom, the rel-
ative branching fractions RMN ≡ BχcM /BχcN , where BχcJ ≡
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signal hypothesis. When the systematic uncertainties are
taken into account with the assumption of Gaussian dis-
tributions, the significance is evaluated to be 3.8σ, which
corresponds to a probability of a background fluctuation
to the observed signal yield of 7.2×10−5. The upper lim-
it for B(ψ(3686) → γγJ/ψ) is estimated to be 4.5× 10−4

at the 90% confidence level including systematic uncer-
tainties.

In calculating B(γγJ/ψ), a correction factor is includ-
ed due to the interferences among χcJ states. This ef-
fect was checked by the variations of the observed signals
in the global fit with inclusion of a floating interference
component, which is modeled by the detector-smeared
shape of a theoretical calculation [5]. It is found that
relative changes on the signal yields are negative with
lower bound of −10%. Hence, a correction factor 0.95 is
assigned and 5% is taken as systematic uncertainty.

A cross-check on our procedures is performed with
the Mγγ−recoil spectrum for the events in the region
3.44GeV/c2 < Mγsm−recoil < 3.48GeV/c2 without re-
strictions on χ2

KF and Mγγ−recoil, as shown in Fig. 2(c).
An excess of data above known backgrounds can be seen
around the J/ψ nominal mass, which is expected from
the sought-after two-photon process. With the inclusion
of the estimated yields of the signal process, the excess
is well understood. The high-mass peak above the J/ψ
peak comes from the backgrounds of ψ(3686) → π0π0J/ψ
decays. This satellite peak can be well described in MC
simulation. In Fig. 2(d), the three χcJ tails show dis-
tinguishable distributions; the small left bump is from
χc1 tail, while the χc0 tail is dominant at the right side.
The distribution in data in Fig. 2(c) can only be well
described by the simulated χcJ shapes.

The angle of the normal axis of the ψ(3686) decay
plane with respect to the ψ(3686) polarization vector
(aligned to the beam axis), β, can be determined in our
data. The event rate may be expressed, to leading order,
as dN

d cos β ∝ 1 + a cos2 β. The measurement was carried

out in the rest frame of the ψ(3686) and the decay plane
of the ψ(3686) was determined with the momenta of the
two decay particles J/ψ and γlg. The signal yields in
each angular bin were extracted by the global fit to the
corresponding dataset following the aforementioned pro-
cedure. After correction of the extracted signal yields

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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2�

l+l�

B(ψ"!γγJ/ψ) = (3.1 +- 0.6(stat) +0.8(syst) -1.0(syst))x10-4    

milestone demonstrating 
the potential of BESIII

physics: sensitive probe 
to hadronic loop effects!

18 Sept 2012 13

Meson-loop studies in ψ '→γγJ/ψ
Final state γγJ/ψ at amplitude level has 2 parts

Discrete part: cc states only. 
On-shell and offshell. ψ '→ γχ

c
 → γγJ/ψ

Continuum part: intermediate off-shell D mesons.
ψ '→ γγJ/ψ: Never observed before!

CLEO-c upper limit: 
Br(ψ'→ γγJ/ψ) < 1× 10-3 PRD 78,011102(2008)

Theory: 
Br(ψ'→ γγJ/ψ) = 1.60 × 10-4 for θ = π  Zhi-Guo He: PRD 83,054028(2011)
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�

ideal probe to test validity of 
perturbative QCD

analog to P-wave triplet states in 
positronium, in lowest order:

R(0)
th =

�(3P2 ! ��)

�(3P0 ! ��)
= 4/15 ⇡ 0.27

“two-photon decays”
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III.  From Discovery to Precision
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FIG. 1: Upper plot: the fitted E�1 spectrum for the ⇤0 data
sample. The expected positions of E�1 from ⇥c0, ⇥c1, ⇥c2 are
indicated by arrows. The dashed curve shows the background
line shape fixed to the shape in Fig. 2. Lower plot: the num-
ber of standard deviations, ⇥, of data points from the fitted
curves.
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FIG. 2: The background E�1 spectrum. The points are from
the o⇥-⇤0 data. The curve is from a fit to the ⇤(3770) data.

the kinematic fitting; the fitting procedure and peaking
background subtraction. Table III lists a summary of
all sources of systematic uncertainties. Most systematic
uncertainties are determined from comparisons of clean,
high statistics control samples with results from MC sim-
ulations.

The number of ⇤⇥ events, N�0 , used in this analysis

TABLE II: Results of the present measurements. The first
error is statistical, second is systematic, and third is due to
the PDG values used. The common systematic errors have
been removed in determining R. B1 ⇥ B(⇤0 ⇤ �⇥c0,2), B2 ⇥
B(⇥c0,2 ⇤ ��), ��� ⇥ ���(⇥c0,2 ⇤ ��).

Quantity ⇥c0 ⇥c2

B1 � B2 � 105 2.17±0.17±0.12 2.81±0.17±0.15
B2 � 104 2.24±0.19±0.12±0.08 3.21±0.18±0.17±0.13
��� (keV) 2.33±0.20±0.13±0.17 0.63±0.04±0.04±0.04
R 0.271±0.029±0.013±0.027
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FIG. 3: The E�1 spectrum for the radiative photon in the
control samples ⇤0 ⇤ �1⇥c0,2, ⇥c0,2 ⇤ K+K°.

TABLE III: Summary of systematical uncertainties of the
branching fraction measurements. Asterisks denote the sys-
tematic sources common to both ⇥c0 and ⇥c2.

Source of Systematic Uncertainty ⇥c0 ⇥c2

Number of ⇤0§ 4.0% 4.0%
Neutral trigger e⇤ciency§ 0.1% 0.1%
Photon detection § 1.5% 1.5%
Kinematic fit § 1.0% 1.0%
Resonance fitting 3.2% 2.9%
Peaking background 0.3% 0.1%
Helicity 2 assumption - 0.4%
Sum in quadrature 5.5% 5.3%

is determined from the number of inclusive hadronic ⇤⇥

decays following the procedure described in detail in [14].
The result is N�0 = (1.06± 0.04)� 108, where the error
is systematic and is determined mostly by the track e⇥-
ciency di�erence between data and Monte Carlo (1.2%),
the variation with the minimum charged track multiplic-
ity requirement (2.86%), the di�erence when a minimum
transverse momentum requirement is used (0.95%), the
uncertainty of the generator model (0.61%), and an error
due to the continuum subtraction (0.91%).

Three photons in the final states include a soft pho-
ton �1 from the radiative transition and two energetic
photons �2�3 from ⇥c0,2 decays. The photon detection
e⇥ciency and its uncertainty for low energy photons
are studied using three di�erent methods described in
Ref. [28]. On average, the e⇥ciency di�erence between
data and MC simulation is less than 1% [28]. The mo-
menta of the two energetic photons are more than 1.5
GeV/c. The systematic uncertainty due to the recon-
struction of two energetic photons is determined to be
0.25% per photon as described in Ref. [29]. The total un-
certainty associated with the reconstruction of the three
photons is 1.5%.

The uncertainty due to the kinematic fit is estimated
using the control sample of e+e� ⇥ ��(�), which has the
same event topology as the signal. We select the control
sample by using o�-⇤⇥ data taken at

⇤
s = 3.65 GeV

to determine the e⇥ciency di�erence between data and
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FIG. 1: Upper plot: the fitted E�1 spectrum for the ⇤0 data
sample. The expected positions of E�1 from ⇥c0, ⇥c1, ⇥c2 are
indicated by arrows. The dashed curve shows the background
line shape fixed to the shape in Fig. 2. Lower plot: the num-
ber of standard deviations, ⇥, of data points from the fitted
curves.
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FIG. 2: The background E�1 spectrum. The points are from
the o⇥-⇤0 data. The curve is from a fit to the ⇤(3770) data.

the kinematic fitting; the fitting procedure and peaking
background subtraction. Table III lists a summary of
all sources of systematic uncertainties. Most systematic
uncertainties are determined from comparisons of clean,
high statistics control samples with results from MC sim-
ulations.

The number of ⇤⇥ events, N�0 , used in this analysis

TABLE II: Results of the present measurements. The first
error is statistical, second is systematic, and third is due to
the PDG values used. The common systematic errors have
been removed in determining R. B1 ⇥ B(⇤0 ⇤ �⇥c0,2), B2 ⇥
B(⇥c0,2 ⇤ ��), ��� ⇥ ���(⇥c0,2 ⇤ ��).

Quantity ⇥c0 ⇥c2

B1 � B2 � 105 2.17±0.17±0.12 2.81±0.17±0.15
B2 � 104 2.24±0.19±0.12±0.08 3.21±0.18±0.17±0.13
��� (keV) 2.33±0.20±0.13±0.17 0.63±0.04±0.04±0.04
R 0.271±0.029±0.013±0.027
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FIG. 3: The E�1 spectrum for the radiative photon in the
control samples ⇤0 ⇤ �1⇥c0,2, ⇥c0,2 ⇤ K+K°.

TABLE III: Summary of systematical uncertainties of the
branching fraction measurements. Asterisks denote the sys-
tematic sources common to both ⇥c0 and ⇥c2.

Source of Systematic Uncertainty ⇥c0 ⇥c2

Number of ⇤0§ 4.0% 4.0%
Neutral trigger e⇤ciency§ 0.1% 0.1%
Photon detection § 1.5% 1.5%
Kinematic fit § 1.0% 1.0%
Resonance fitting 3.2% 2.9%
Peaking background 0.3% 0.1%
Helicity 2 assumption - 0.4%
Sum in quadrature 5.5% 5.3%

is determined from the number of inclusive hadronic ⇤⇥

decays following the procedure described in detail in [14].
The result is N�0 = (1.06± 0.04)� 108, where the error
is systematic and is determined mostly by the track e⇥-
ciency di�erence between data and Monte Carlo (1.2%),
the variation with the minimum charged track multiplic-
ity requirement (2.86%), the di�erence when a minimum
transverse momentum requirement is used (0.95%), the
uncertainty of the generator model (0.61%), and an error
due to the continuum subtraction (0.91%).

Three photons in the final states include a soft pho-
ton �1 from the radiative transition and two energetic
photons �2�3 from ⇥c0,2 decays. The photon detection
e⇥ciency and its uncertainty for low energy photons
are studied using three di�erent methods described in
Ref. [28]. On average, the e⇥ciency di�erence between
data and MC simulation is less than 1% [28]. The mo-
menta of the two energetic photons are more than 1.5
GeV/c. The systematic uncertainty due to the recon-
struction of two energetic photons is determined to be
0.25% per photon as described in Ref. [29]. The total un-
certainty associated with the reconstruction of the three
photons is 1.5%.

The uncertainty due to the kinematic fit is estimated
using the control sample of e+e� ⇥ ��(�), which has the
same event topology as the signal. We select the control
sample by using o�-⇤⇥ data taken at

⇤
s = 3.65 GeV

to determine the e⇥ciency di�erence between data and

R =
�(⇥c2 ! ��)

�(⇥c0 ! ��)

Results for R are consistent with 
the lowest order (QED) prediction!

(but many calculations of higher 
order corrections (QCD) deviate from 

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

background subtraction. Table III lists a summary of
all sources of systematic uncertainties. Most systematic
uncertainties are determined from comparisons of spe-
cial clean, high statistics samples with results from MC
simulations.
The number of ψ′ events, Nψ′ , used in this analysis

is determined from the number of inclusive hadronic ψ′

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

→ γχc0,2), B2 ≡

B(χc0,2 → γγ), Γγγ ≡ Γγγ(χc0,2 → γγ).

Quantity χc0 χc2

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

→ γ1χc0,2,χc0,2 → K+K−.

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

Source of Systematic Uncertainty χc0 χc2

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

decays following the procedure described in detail in [14].
The result is Nψ′ = (1.06± 0.04)× 108, where the error
is systematic.
Three photons in the final states include a soft pho-

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

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

√
s = 3.65 GeV to determine

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

4C < 80 in the 4C-fit. The uncertainty
due to kinematic fitting determined in this way is 1%.
Since the signal shapes are obtained from ψ′ → γχc0,2,

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

“two-photon decays”

R(0)
th =

�(3P2 ! ��)

�(3P0 ! ��)
= 4/15 ⇡ 0.27
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FIG. 1: Upper plot: the fitted E�1 spectrum for the ⇤0 data
sample. The expected positions of E�1 from ⇥c0, ⇥c1, ⇥c2 are
indicated by arrows. The dashed curve shows the background
line shape fixed to the shape in Fig. 2. Lower plot: the num-
ber of standard deviations, ⇥, of data points from the fitted
curves.
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FIG. 2: The background E�1 spectrum. The points are from
the o⇥-⇤0 data. The curve is from a fit to the ⇤(3770) data.

the kinematic fitting; the fitting procedure and peaking
background subtraction. Table III lists a summary of
all sources of systematic uncertainties. Most systematic
uncertainties are determined from comparisons of clean,
high statistics control samples with results from MC sim-
ulations.

The number of ⇤⇥ events, N�0 , used in this analysis

TABLE II: Results of the present measurements. The first
error is statistical, second is systematic, and third is due to
the PDG values used. The common systematic errors have
been removed in determining R. B1 ⇥ B(⇤0 ⇤ �⇥c0,2), B2 ⇥
B(⇥c0,2 ⇤ ��), ��� ⇥ ���(⇥c0,2 ⇤ ��).

Quantity ⇥c0 ⇥c2

B1 � B2 � 105 2.17±0.17±0.12 2.81±0.17±0.15
B2 � 104 2.24±0.19±0.12±0.08 3.21±0.18±0.17±0.13
��� (keV) 2.33±0.20±0.13±0.17 0.63±0.04±0.04±0.04
R 0.271±0.029±0.013±0.027
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FIG. 3: The E�1 spectrum for the radiative photon in the
control samples ⇤0 ⇤ �1⇥c0,2, ⇥c0,2 ⇤ K+K°.

TABLE III: Summary of systematical uncertainties of the
branching fraction measurements. Asterisks denote the sys-
tematic sources common to both ⇥c0 and ⇥c2.

Source of Systematic Uncertainty ⇥c0 ⇥c2

Number of ⇤0§ 4.0% 4.0%
Neutral trigger e⇤ciency§ 0.1% 0.1%
Photon detection § 1.5% 1.5%
Kinematic fit § 1.0% 1.0%
Resonance fitting 3.2% 2.9%
Peaking background 0.3% 0.1%
Helicity 2 assumption - 0.4%
Sum in quadrature 5.5% 5.3%

is determined from the number of inclusive hadronic ⇤⇥

decays following the procedure described in detail in [14].
The result is N�0 = (1.06± 0.04)� 108, where the error
is systematic and is determined mostly by the track e⇥-
ciency di�erence between data and Monte Carlo (1.2%),
the variation with the minimum charged track multiplic-
ity requirement (2.86%), the di�erence when a minimum
transverse momentum requirement is used (0.95%), the
uncertainty of the generator model (0.61%), and an error
due to the continuum subtraction (0.91%).

Three photons in the final states include a soft pho-
ton �1 from the radiative transition and two energetic
photons �2�3 from ⇥c0,2 decays. The photon detection
e⇥ciency and its uncertainty for low energy photons
are studied using three di�erent methods described in
Ref. [28]. On average, the e⇥ciency di�erence between
data and MC simulation is less than 1% [28]. The mo-
menta of the two energetic photons are more than 1.5
GeV/c. The systematic uncertainty due to the recon-
struction of two energetic photons is determined to be
0.25% per photon as described in Ref. [29]. The total un-
certainty associated with the reconstruction of the three
photons is 1.5%.

The uncertainty due to the kinematic fit is estimated
using the control sample of e+e� ⇥ ��(�), which has the
same event topology as the signal. We select the control
sample by using o�-⇤⇥ data taken at

⇤
s = 3.65 GeV

to determine the e⇥ciency di�erence between data and
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FIG. 1: Upper plot: the fitted E�1 spectrum for the ⇤0 data
sample. The expected positions of E�1 from ⇥c0, ⇥c1, ⇥c2 are
indicated by arrows. The dashed curve shows the background
line shape fixed to the shape in Fig. 2. Lower plot: the num-
ber of standard deviations, ⇥, of data points from the fitted
curves.
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the kinematic fitting; the fitting procedure and peaking
background subtraction. Table III lists a summary of
all sources of systematic uncertainties. Most systematic
uncertainties are determined from comparisons of clean,
high statistics control samples with results from MC sim-
ulations.

The number of ⇤⇥ events, N�0 , used in this analysis

TABLE II: Results of the present measurements. The first
error is statistical, second is systematic, and third is due to
the PDG values used. The common systematic errors have
been removed in determining R. B1 ⇥ B(⇤0 ⇤ �⇥c0,2), B2 ⇥
B(⇥c0,2 ⇤ ��), ��� ⇥ ���(⇥c0,2 ⇤ ��).

Quantity ⇥c0 ⇥c2

B1 � B2 � 105 2.17±0.17±0.12 2.81±0.17±0.15
B2 � 104 2.24±0.19±0.12±0.08 3.21±0.18±0.17±0.13
��� (keV) 2.33±0.20±0.13±0.17 0.63±0.04±0.04±0.04
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FIG. 3: The E�1 spectrum for the radiative photon in the
control samples ⇤0 ⇤ �1⇥c0,2, ⇥c0,2 ⇤ K+K°.

TABLE III: Summary of systematical uncertainties of the
branching fraction measurements. Asterisks denote the sys-
tematic sources common to both ⇥c0 and ⇥c2.

Source of Systematic Uncertainty ⇥c0 ⇥c2

Number of ⇤0§ 4.0% 4.0%
Neutral trigger e⇤ciency§ 0.1% 0.1%
Photon detection § 1.5% 1.5%
Kinematic fit § 1.0% 1.0%
Resonance fitting 3.2% 2.9%
Peaking background 0.3% 0.1%
Helicity 2 assumption - 0.4%
Sum in quadrature 5.5% 5.3%

is determined from the number of inclusive hadronic ⇤⇥

decays following the procedure described in detail in [14].
The result is N�0 = (1.06± 0.04)� 108, where the error
is systematic and is determined mostly by the track e⇥-
ciency di�erence between data and Monte Carlo (1.2%),
the variation with the minimum charged track multiplic-
ity requirement (2.86%), the di�erence when a minimum
transverse momentum requirement is used (0.95%), the
uncertainty of the generator model (0.61%), and an error
due to the continuum subtraction (0.91%).

Three photons in the final states include a soft pho-
ton �1 from the radiative transition and two energetic
photons �2�3 from ⇥c0,2 decays. The photon detection
e⇥ciency and its uncertainty for low energy photons
are studied using three di�erent methods described in
Ref. [28]. On average, the e⇥ciency di�erence between
data and MC simulation is less than 1% [28]. The mo-
menta of the two energetic photons are more than 1.5
GeV/c. The systematic uncertainty due to the recon-
struction of two energetic photons is determined to be
0.25% per photon as described in Ref. [29]. The total un-
certainty associated with the reconstruction of the three
photons is 1.5%.

The uncertainty due to the kinematic fit is estimated
using the control sample of e+e� ⇥ ��(�), which has the
same event topology as the signal. We select the control
sample by using o�-⇤⇥ data taken at

⇤
s = 3.65 GeV

to determine the e⇥ciency di�erence between data and

R =
�(⇥c2 ! ��)

�(⇥c0 ! ��)

Results for R are consistent with 
the lowest order (QED) prediction!

(but many calculations of higher 
order corrections (QCD) deviate from 

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

background subtraction. Table III lists a summary of
all sources of systematic uncertainties. Most systematic
uncertainties are determined from comparisons of spe-
cial clean, high statistics samples with results from MC
simulations.
The number of ψ′ events, Nψ′ , used in this analysis

is determined from the number of inclusive hadronic ψ′

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

→ γχc0,2), B2 ≡

B(χc0,2 → γγ), Γγγ ≡ Γγγ(χc0,2 → γγ).

Quantity χc0 χc2

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

→ γ1χc0,2,χc0,2 → K+K−.

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

Source of Systematic Uncertainty χc0 χc2

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

decays following the procedure described in detail in [14].
The result is Nψ′ = (1.06± 0.04)× 108, where the error
is systematic.
Three photons in the final states include a soft pho-

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

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

√
s = 3.65 GeV to determine

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

4C < 80 in the 4C-fit. The uncertainty
due to kinematic fitting determined in this way is 1%.
Since the signal shapes are obtained from ψ′ → γχc0,2,

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

“two-photon decays”

+radiative corrections
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FIG. 3. Distributions of invariant mass of π0π0 (left) and
polar angle of π0 (right) in a control sample of ψ(3686) →

π+π−J/ψ, J/ψ → γπ0π0. Points with error bars are data
and solid lines MC simulation.

J/ψ → 3γ. Therefore, a two-dimensional maximum like-
lihood fit is performed on the M(γγ)lg and χ2

4C distri-
butions to estimate the yields of J/ψ → 3γ and J/ψ →
γ(γγ)ηc . The projections of the two-dimensional fit re-
sults are shown in Fig. 4 and the numerical results listed
in Table I. The χ2 per degree of freedom corresponding to
the fit is 318/349. For the fit, the shapes of both signal
and background processes are taken from MC simula-
tion; the normalization of J/ψ → γ(γγ)π0/η/η′ is fixed
to the expected density based on MC simulation; and
the normalization of J/ψ → γπ0π0 is allowed to float.
Backgrounds of non-J/ψ decays are estimated using the
M(π+π−)recoil sidebands within [2.994, 3.000]GeV/c2

and [3.200, 3.206]GeV/c2. The statistical significance of
J/ψ → 3γ (J/ψ → γ(γγ)ηc) is 8.3σ (4.1σ), as deter-
mined by the ratio of the maximum likelihood value and
the likelihood value for a fit under the null hypothesis.
When the systematic uncertainties are included, the sig-
nificance becomes 7.3σ (3.7σ). The branching fraction is
calculated using B = nobs

Nψ(3686)×Bψ(3686)→π+π−J/ψ×ε
, where

nobs is the observed number of events, Nψ(3686) is the
number of ψ(3686) events [9], and ε the detection effi-
ciency. Bψ(3686)→π+π−J/ψ is taken from the PDG [6].

Many sources of systematic error are considered.
Simulation of direct J/ψ → 3γ assumes the lowest or-
der matrix element to be similar to the decay of ortho-
positronium to three photons [17]. The systematic uncer-
tainty in the detection efficiency is estimated by weight-
ing the efficiencies in the Dalitz-like plot of Fig. 2(d) by
the experimental data. The maximum relative change is
15%.
The invariant mass of ηc in the J/ψ → γηc decay is

assumed to have a relativistic Breit-Wigner distribution,
weighted by a factor of E∗3

γ multiplied by a damping

factor e−E∗2
γ /8β2

with β = (65.0 ± 2.5)MeV [19]. Here
E∗
γ is the energy of the radiated photon in the J/ψ rest

frame. An alternative parametrization of the damping
factor used by KEDR [20], as well as variations of the ηc
width in the range 22.7–32.7MeV, are used to determine
the systematic uncertainties.

The systematic uncertainty due to possible differences
between MC and data is evaluated by performing the
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FIG. 4. (color online) Projection plots of the two-dimensional
fit to χ2

4C (left) and M(γγ)lg (right). Here points with error
bars are data and the solid line is the fit to data. The dotted-
dash line shows the contributions of J/ψ → 3γ (dark red),
the long-dash line J/ψ → γηc → 3γ (red), and the dotted
line J/ψ → γπ0π0 (blue). The shaded histogram represents
the backgrounds from J/ψ → γπ0/η/η′ (green) and the solid
line non-J/ψ decays (yellow).

TABLE I. The detection efficiency ε, the signal yields, the
estimated significance, and the measured branching fractions
with the errors for the two decay modes. The first errors are
statistical and the second systematic. Values of the signifi-
cance outside the parenthesis are statistical only and those
within the parenthesis include systematic effects.

modes J/ψ → 3γ J/ψ → γηc → 3γ

ε (%) 27.9± 0.1 20.7 ± 0.2

yields 113.4 ± 18.1 33.2 ± 9.5

significance 8.3(7.3)σ 4.1(3.7)σ

B(×10−6) 11.3± 1.8± 2.0 4.5 ± 1.2 ± 0.6

two-dimensional fit of the χ2
4C and M(γγ)lg distribu-

tions with the MC shapes smeared with an asymmetric
Gaussian function, the parameters of which are deter-
mined by comparing a control data sample of J/ψ → γη,
η → γγ to MC simulation. This function serves to adjust
the detector resolution in the MC simulation to data.
The efficiency of the mass window requirement around

the J/ψ resonance in the M(π+π−)recoil spectrum, which
is sensitive to the tracking efficiency of low momentum
pions, is studied with a J/ψ → γη, η → γγ control sam-
ple. The systematic uncertainty in the expected number
of background events from J/ψ → γπ0(η, η′) was evalu-
ated by varying their branching fractions by one standard
deviation [6].
It has been verified that the χ2

4C distribution of the
γπ0π0 final states does not depend on the components
of the intermediate processes involved, i.e., mainly the
fJ states [7]. However, the M(γγ)lg distribution does,
and good understanding of the primary components via
PWA is needed. Information about the amplitudes in
J/ψ → γπ0π0 from the previous BESII analysis [16] is
also used in the simulation as an additional check; the
relative changes in the results are taken as systematic
uncertainties.
The photon detection efficiency is studied with dif-
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J/ψ → 3γ. Therefore, a two-dimensional maximum like-
lihood fit is performed on the M(γγ)lg and χ2

4C distri-
butions to estimate the yields of J/ψ → 3γ and J/ψ →
γ(γγ)ηc . The projections of the two-dimensional fit re-
sults are shown in Fig. 4 and the numerical results listed
in Table I. The χ2 per degree of freedom corresponding to
the fit is 318/349. For the fit, the shapes of both signal
and background processes are taken from MC simula-
tion; the normalization of J/ψ → γ(γγ)π0/η/η′ is fixed
to the expected density based on MC simulation; and
the normalization of J/ψ → γπ0π0 is allowed to float.
Backgrounds of non-J/ψ decays are estimated using the
M(π+π−)recoil sidebands within [2.994, 3.000]GeV/c2

and [3.200, 3.206]GeV/c2. The statistical significance of
J/ψ → 3γ (J/ψ → γ(γγ)ηc) is 8.3σ (4.1σ), as deter-
mined by the ratio of the maximum likelihood value and
the likelihood value for a fit under the null hypothesis.
When the systematic uncertainties are included, the sig-
nificance becomes 7.3σ (3.7σ). The branching fraction is
calculated using B = nobs

Nψ(3686)×Bψ(3686)→π+π−J/ψ×ε
, where

nobs is the observed number of events, Nψ(3686) is the
number of ψ(3686) events [9], and ε the detection effi-
ciency. Bψ(3686)→π+π−J/ψ is taken from the PDG [6].

Many sources of systematic error are considered.
Simulation of direct J/ψ → 3γ assumes the lowest or-
der matrix element to be similar to the decay of ortho-
positronium to three photons [17]. The systematic uncer-
tainty in the detection efficiency is estimated by weight-
ing the efficiencies in the Dalitz-like plot of Fig. 2(d) by
the experimental data. The maximum relative change is
15%.
The invariant mass of ηc in the J/ψ → γηc decay is

assumed to have a relativistic Breit-Wigner distribution,
weighted by a factor of E∗3

γ multiplied by a damping

factor e−E∗2
γ /8β2

with β = (65.0 ± 2.5)MeV [19]. Here
E∗
γ is the energy of the radiated photon in the J/ψ rest

frame. An alternative parametrization of the damping
factor used by KEDR [20], as well as variations of the ηc
width in the range 22.7–32.7MeV, are used to determine
the systematic uncertainties.

The systematic uncertainty due to possible differences
between MC and data is evaluated by performing the
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FIG. 4. (color online) Projection plots of the two-dimensional
fit to χ2

4C (left) and M(γγ)lg (right). Here points with error
bars are data and the solid line is the fit to data. The dotted-
dash line shows the contributions of J/ψ → 3γ (dark red),
the long-dash line J/ψ → γηc → 3γ (red), and the dotted
line J/ψ → γπ0π0 (blue). The shaded histogram represents
the backgrounds from J/ψ → γπ0/η/η′ (green) and the solid
line non-J/ψ decays (yellow).

TABLE I. The detection efficiency ε, the signal yields, the
estimated significance, and the measured branching fractions
with the errors for the two decay modes. The first errors are
statistical and the second systematic. Values of the signifi-
cance outside the parenthesis are statistical only and those
within the parenthesis include systematic effects.

modes J/ψ → 3γ J/ψ → γηc → 3γ

ε (%) 27.9± 0.1 20.7 ± 0.2

yields 113.4 ± 18.1 33.2 ± 9.5

significance 8.3(7.3)σ 4.1(3.7)σ

B(×10−6) 11.3± 1.8± 2.0 4.5 ± 1.2 ± 0.6

two-dimensional fit of the χ2
4C and M(γγ)lg distribu-

tions with the MC shapes smeared with an asymmetric
Gaussian function, the parameters of which are deter-
mined by comparing a control data sample of J/ψ → γη,
η → γγ to MC simulation. This function serves to adjust
the detector resolution in the MC simulation to data.
The efficiency of the mass window requirement around

the J/ψ resonance in the M(π+π−)recoil spectrum, which
is sensitive to the tracking efficiency of low momentum
pions, is studied with a J/ψ → γη, η → γγ control sam-
ple. The systematic uncertainty in the expected number
of background events from J/ψ → γπ0(η, η′) was evalu-
ated by varying their branching fractions by one standard
deviation [6].
It has been verified that the χ2

4C distribution of the
γπ0π0 final states does not depend on the components
of the intermediate processes involved, i.e., mainly the
fJ states [7]. However, the M(γγ)lg distribution does,
and good understanding of the primary components via
PWA is needed. Information about the amplitudes in
J/ψ → γπ0π0 from the previous BESII analysis [16] is
also used in the simulation as an additional check; the
relative changes in the results are taken as systematic
uncertainties.
The photon detection efficiency is studied with dif-
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FIG. 3. Distributions of invariant mass of π0π0 (left) and
polar angle of π0 (right) in a control sample of ψ(3686) →

π+π−J/ψ, J/ψ → γπ0π0. Points with error bars are data
and solid lines MC simulation.

J/ψ → 3γ. Therefore, a two-dimensional maximum like-
lihood fit is performed on the M(γγ)lg and χ2

4C distri-
butions to estimate the yields of J/ψ → 3γ and J/ψ →
γ(γγ)ηc . The projections of the two-dimensional fit re-
sults are shown in Fig. 4 and the numerical results listed
in Table I. The χ2 per degree of freedom corresponding to
the fit is 318/349. For the fit, the shapes of both signal
and background processes are taken from MC simula-
tion; the normalization of J/ψ → γ(γγ)π0/η/η′ is fixed
to the expected density based on MC simulation; and
the normalization of J/ψ → γπ0π0 is allowed to float.
Backgrounds of non-J/ψ decays are estimated using the
M(π+π−)recoil sidebands within [2.994, 3.000]GeV/c2

and [3.200, 3.206]GeV/c2. The statistical significance of
J/ψ → 3γ (J/ψ → γ(γγ)ηc) is 8.3σ (4.1σ), as deter-
mined by the ratio of the maximum likelihood value and
the likelihood value for a fit under the null hypothesis.
When the systematic uncertainties are included, the sig-
nificance becomes 7.3σ (3.7σ). The branching fraction is
calculated using B = nobs

Nψ(3686)×Bψ(3686)→π+π−J/ψ×ε
, where

nobs is the observed number of events, Nψ(3686) is the
number of ψ(3686) events [9], and ε the detection effi-
ciency. Bψ(3686)→π+π−J/ψ is taken from the PDG [6].

Many sources of systematic error are considered.
Simulation of direct J/ψ → 3γ assumes the lowest or-
der matrix element to be similar to the decay of ortho-
positronium to three photons [17]. The systematic uncer-
tainty in the detection efficiency is estimated by weight-
ing the efficiencies in the Dalitz-like plot of Fig. 2(d) by
the experimental data. The maximum relative change is
15%.
The invariant mass of ηc in the J/ψ → γηc decay is

assumed to have a relativistic Breit-Wigner distribution,
weighted by a factor of E∗3

γ multiplied by a damping

factor e−E∗2
γ /8β2

with β = (65.0 ± 2.5)MeV [19]. Here
E∗
γ is the energy of the radiated photon in the J/ψ rest

frame. An alternative parametrization of the damping
factor used by KEDR [20], as well as variations of the ηc
width in the range 22.7–32.7MeV, are used to determine
the systematic uncertainties.

The systematic uncertainty due to possible differences
between MC and data is evaluated by performing the

4C
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FIG. 4. (color online) Projection plots of the two-dimensional
fit to χ2

4C (left) and M(γγ)lg (right). Here points with error
bars are data and the solid line is the fit to data. The dotted-
dash line shows the contributions of J/ψ → 3γ (dark red),
the long-dash line J/ψ → γηc → 3γ (red), and the dotted
line J/ψ → γπ0π0 (blue). The shaded histogram represents
the backgrounds from J/ψ → γπ0/η/η′ (green) and the solid
line non-J/ψ decays (yellow).

TABLE I. The detection efficiency ε, the signal yields, the
estimated significance, and the measured branching fractions
with the errors for the two decay modes. The first errors are
statistical and the second systematic. Values of the signifi-
cance outside the parenthesis are statistical only and those
within the parenthesis include systematic effects.

modes J/ψ → 3γ J/ψ → γηc → 3γ

ε (%) 27.9± 0.1 20.7 ± 0.2

yields 113.4 ± 18.1 33.2 ± 9.5

significance 8.3(7.3)σ 4.1(3.7)σ

B(×10−6) 11.3± 1.8± 2.0 4.5 ± 1.2 ± 0.6

two-dimensional fit of the χ2
4C and M(γγ)lg distribu-

tions with the MC shapes smeared with an asymmetric
Gaussian function, the parameters of which are deter-
mined by comparing a control data sample of J/ψ → γη,
η → γγ to MC simulation. This function serves to adjust
the detector resolution in the MC simulation to data.
The efficiency of the mass window requirement around

the J/ψ resonance in the M(π+π−)recoil spectrum, which
is sensitive to the tracking efficiency of low momentum
pions, is studied with a J/ψ → γη, η → γγ control sam-
ple. The systematic uncertainty in the expected number
of background events from J/ψ → γπ0(η, η′) was evalu-
ated by varying their branching fractions by one standard
deviation [6].
It has been verified that the χ2

4C distribution of the
γπ0π0 final states does not depend on the components
of the intermediate processes involved, i.e., mainly the
fJ states [7]. However, the M(γγ)lg distribution does,
and good understanding of the primary components via
PWA is needed. Information about the amplitudes in
J/ψ → γπ0π0 from the previous BESII analysis [16] is
also used in the simulation as an additional check; the
relative changes in the results are taken as systematic
uncertainties.
The photon detection efficiency is studied with dif-
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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

) 4/c2 (GeV2
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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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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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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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production of the Yð4260Þ, and beyond #4:8 GeV=c2 the
data are consistent with background only. There is a small
excess of events near 4:5 GeV=c2, which we choose to
attribute to statistical fluctuation. In this regard, we note
that no corresponding excess is observed in Ref. [14]. The
background contribution is featureless throughout the mass
region being considered.

In order to extract the parameter values of the Yð4260Þ,
we perform an unbinned, extended-maximum-likelihood
fit in the region 3:74–5:5 GeV=c2 to the J=c!þ!% dis-
tribution from the J=c signal region, and simultaneously
to the background distribution from the J=c sidebands.
The background is fitted using a third-order polynomial in
J=c!þ!% mass, m. The mass-dependence of the signal
function is given by fðmÞ ¼ "ðmÞ 'LðmÞ ' #ðmÞ, where
"ðmÞ is the mass-dependent signal-selection efficiency
from MC simulation with a J=c!þ!% phase space distri-
bution, and LðmÞ is the mass-distributed luminosity [23],
where we ignore the small corrections due to initial-state
emission of additional soft photons; "ðmÞ increases from

9.5% at 3:74 GeV=c2 to 15.5% at 5:5 GeV=c2, and LðmÞ
from 35 pb%1=20 MeV to 61:3 pb%1=20 MeV over the
same range. The cross section, #ðmÞ, is given by the
incoherent sum #ðmÞ ¼ #NYðmÞ þ #BWðmÞ, where we
choose #NYðmÞ to be a simple exponential function. This
provides an adequate description of the low-statistics
non-Yð4260Þ (NY) contributions, and approaches zero
from above at mass #4:8 GeV=c2 (see Fig. 2). The func-
tion#BWðmÞ represents the cross section for the production
of the Yð4260Þ, and is given by

#BWðmÞ¼12!C

m2 ' PSðmÞ
PSðmYÞ

'!eþe% 'BðJ=c!þ!%Þ'm2
Y '!Y

ðm2
Y%m2Þ2þm2

Y!
2
Y

;

(1)

where mY and !Y are the mass and width of the Yð4260Þ,
!eþe% is the partial width for Yð4260Þ ! eþe%,
BðJ=c!þ!%Þ is the branching fraction for Yð4260Þ !
J=c!þ!%, and C ¼ 0:3894( 109 GeV2 pb. The func-
tion PSðmÞ represents the mass dependence of J=c!þ!%

phase space, and PSðmYÞ is its value at the mass of the
Yð4260Þ. In the likelihood function, #BWðmÞ is multiplied
by BðJ=c ! lþl%Þ, the branching fraction sum of the
eþe% and $þ$% decay modes [18], since the fit is to the
observed events. In the fit procedure fðmÞ is convolvedwith
a Gaussian resolution function obtained from MC simula-
tion. This function has a r.m.s. deviation which increases
linearly from 2:1 MeV=c2 at#3:5 GeV=c2 to 5 MeV=c2 at
#4:3 GeV=c2. The results of the fit are shown in Fig. 2(a).
The parameter values obtained for the Yð4260Þ are mY ¼
4245) 5ðstatÞ MeV=c2, !Y ¼ 114þ16

%15ðstatÞ MeV, and
!eþe% (BðJ=c!þ!%Þ ¼ 9:2) 0:8ðstatÞ eV.
For each J=c!þ!% mass interval, i, we calculate the

eþe% ! J=c!þ!% cross section after background sub-
traction using

#i ¼
nobsi % nbkgi

"i 'Li 'BðJ=c ! lþl%Þ ; (2)

with nobsi and nbkgi the number of observed and background
events, respectively, for this interval; "i, and Li are the
values of "ðmÞ and LðmÞ [23] at the center of interval i.
The resulting cross section is shown in Fig. 2(b), where

the solid curve is obtained from the simultaneous like-
lihood fit. The corresponding estimates of systematic
uncertainty are due to luminosity (1%), tracking (5.1%),
BðJ=c ! lþl%Þ (0.7%), efficiency (1%) and PID (1%);
combined in quadrature. These yield a net systematic
uncertainty of 5.4%, as indicated in Table I.
The reaction eþe% ! J=c!þ!% has been studied at

the c.m. energy of the c ð3770Þ by the CLEO [24] and BES
[25] collaborations. The former reported the value 12:1)
2:2 pb for the eþe% ! c ð3770Þ ! J=c!þ!% cross sec-
tion, after subtraction of the contribution resulting from
radiative return to the c ð2SÞ. The dependence on Ecm of
our fitted cross section, shown by the curve in Fig. 2(b),
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FIG. 2 (color online). (a) The J=c!þ!% mass spectrum from
3:74 GeV=c2 to 5:5 GeV=c2; the points represent the data and
the shaded histogram is the background from the J=c sidebands;
the solid curve represents the fit result, and the dashed curve
results from the simultaneous fit to the background; (b) the
measured eþe% ! J=c!þ!% cross section as a function of
c.m. energy; the solid curve results from the fit shown in (a).
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production of the Yð4260Þ, and beyond #4:8 GeV=c2 the
data are consistent with background only. There is a small
excess of events near 4:5 GeV=c2, which we choose to
attribute to statistical fluctuation. In this regard, we note
that no corresponding excess is observed in Ref. [14]. The
background contribution is featureless throughout the mass
region being considered.

In order to extract the parameter values of the Yð4260Þ,
we perform an unbinned, extended-maximum-likelihood
fit in the region 3:74–5:5 GeV=c2 to the J=c!þ!% dis-
tribution from the J=c signal region, and simultaneously
to the background distribution from the J=c sidebands.
The background is fitted using a third-order polynomial in
J=c!þ!% mass, m. The mass-dependence of the signal
function is given by fðmÞ ¼ "ðmÞ 'LðmÞ ' #ðmÞ, where
"ðmÞ is the mass-dependent signal-selection efficiency
from MC simulation with a J=c!þ!% phase space distri-
bution, and LðmÞ is the mass-distributed luminosity [23],
where we ignore the small corrections due to initial-state
emission of additional soft photons; "ðmÞ increases from

9.5% at 3:74 GeV=c2 to 15.5% at 5:5 GeV=c2, and LðmÞ
from 35 pb%1=20 MeV to 61:3 pb%1=20 MeV over the
same range. The cross section, #ðmÞ, is given by the
incoherent sum #ðmÞ ¼ #NYðmÞ þ #BWðmÞ, where we
choose #NYðmÞ to be a simple exponential function. This
provides an adequate description of the low-statistics
non-Yð4260Þ (NY) contributions, and approaches zero
from above at mass #4:8 GeV=c2 (see Fig. 2). The func-
tion#BWðmÞ represents the cross section for the production
of the Yð4260Þ, and is given by

#BWðmÞ¼12!C

m2 ' PSðmÞ
PSðmYÞ

'!eþe% 'BðJ=c!þ!%Þ'm2
Y '!Y

ðm2
Y%m2Þ2þm2

Y!
2
Y

;

(1)

where mY and !Y are the mass and width of the Yð4260Þ,
!eþe% is the partial width for Yð4260Þ ! eþe%,
BðJ=c!þ!%Þ is the branching fraction for Yð4260Þ !
J=c!þ!%, and C ¼ 0:3894( 109 GeV2 pb. The func-
tion PSðmÞ represents the mass dependence of J=c!þ!%

phase space, and PSðmYÞ is its value at the mass of the
Yð4260Þ. In the likelihood function, #BWðmÞ is multiplied
by BðJ=c ! lþl%Þ, the branching fraction sum of the
eþe% and $þ$% decay modes [18], since the fit is to the
observed events. In the fit procedure fðmÞ is convolvedwith
a Gaussian resolution function obtained from MC simula-
tion. This function has a r.m.s. deviation which increases
linearly from 2:1 MeV=c2 at#3:5 GeV=c2 to 5 MeV=c2 at
#4:3 GeV=c2. The results of the fit are shown in Fig. 2(a).
The parameter values obtained for the Yð4260Þ are mY ¼
4245) 5ðstatÞ MeV=c2, !Y ¼ 114þ16

%15ðstatÞ MeV, and
!eþe% (BðJ=c!þ!%Þ ¼ 9:2) 0:8ðstatÞ eV.
For each J=c!þ!% mass interval, i, we calculate the

eþe% ! J=c!þ!% cross section after background sub-
traction using

#i ¼
nobsi % nbkgi

"i 'Li 'BðJ=c ! lþl%Þ ; (2)

with nobsi and nbkgi the number of observed and background
events, respectively, for this interval; "i, and Li are the
values of "ðmÞ and LðmÞ [23] at the center of interval i.
The resulting cross section is shown in Fig. 2(b), where

the solid curve is obtained from the simultaneous like-
lihood fit. The corresponding estimates of systematic
uncertainty are due to luminosity (1%), tracking (5.1%),
BðJ=c ! lþl%Þ (0.7%), efficiency (1%) and PID (1%);
combined in quadrature. These yield a net systematic
uncertainty of 5.4%, as indicated in Table I.
The reaction eþe% ! J=c!þ!% has been studied at

the c.m. energy of the c ð3770Þ by the CLEO [24] and BES
[25] collaborations. The former reported the value 12:1)
2:2 pb for the eþe% ! c ð3770Þ ! J=c!þ!% cross sec-
tion, after subtraction of the contribution resulting from
radiative return to the c ð2SÞ. The dependence on Ecm of
our fitted cross section, shown by the curve in Fig. 2(b),
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FIG. 2 (color online). (a) The J=c!þ!% mass spectrum from
3:74 GeV=c2 to 5:5 GeV=c2; the points represent the data and
the shaded histogram is the background from the J=c sidebands;
the solid curve represents the fit result, and the dashed curve
results from the simultaneous fit to the background; (b) the
measured eþe% ! J=c!þ!% cross section as a function of
c.m. energy; the solid curve results from the fit shown in (a).
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Y (4350), and the Z(4430) is still unclear. These states are not charmonium states,
and are probably the first occurrences of non-standard quark content.

Theoretically, these states are still actively in debate, and new ideas will probably
emerge in the near future.

Analyzes are still in progress with the current data set in BaBar: more decay
modes for the resonances presented here are being investigated. We also expect
contributions from LHCb and Super-B/Belle II experiments which will collect data
at high luminosity.
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