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Charmonium decays at BESIII
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The BESIII Experiment at the Beijing Electron Positron Collider (BEPCII) has accumulated the
largest e+e− collisions data sets in the τ-charm region in the world. Using the data sets of 448.1
million ψ(3686) events and 1.3 billion J/ψ events, the branching fractions and the angular dis-
tributions of J/ψ and ψ(3686) decay to ΛΛ̄, Σ0Σ̄0, Σ(1385)0Σ̄(1385)0 and Ξ0Ξ̄0 are measured.
The improved branching fractions ψ(3686) → γπ0,γη ,γη ′ are reported. The Dalitz decays of
ψ(3686)→ e+e−χcJ and χcJ → e+e−J/ψ are observed and the branching fractions are measured.
The Dalitz plot shows the point-like behavior of χcJ . The higher-order multipole amplitudes in
ψ(3686) → γχc1,2 with χc1,2 → γJ/ψ are measured, as a byproduct the ηc(2S) → γJ/ψ tran-
sition is searched. The normalized magnetic-quadrupole (M2) amplitude for ψ(3686)→ γχc1,2

with χc1,2 → γγJ/ψ and the normalized electricoctupole (E3) amplitudes for ψ(3686) → γχc2,
χc2 → γJ/ψ are determined. With ψ(3686) radiative decays, many new χcJ decays are observed
for the first time, such as χc0,2 → ηη ′, χc2 → η ′η ′,K(892)∗K and χcJ → Σ+/0Σ̄−/0. Improved
measurements of ηc → ϕϕ and searches for ηc → ωϕ and ηc/η(1405)→ π+π−π0 are reported.
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Charmonium decays at BESIII Bo Zheng

1. Introduction

The BESIII detector [1] at the BEPCII [1] double-ring e+e− collider is designed for the studies
of physics in the τ-charm energy region. The peak luminosity of BEPCII is 1.0×1033 cm−2s−1 at
3773 MeV, which has been achieved at April, 2016. The BESIII detector consists of a main drift
chamber, an electro-magnetic calorimeter, a time-of-flight system and a muon counter. The details
of the BESIII detector can be found in Ref. [1]. The BESIII detector has accumulated 448.1 million
ψ(3686) and 1.3 billion J/ψ events. With these world largest J/ψ and ψ(3686) data sets, many
charmoinium decays are observed for the first time or measured with the highest precision.

2. Measurement of J/ψ , ψ(3686) and χcJ decay to BB̄

The decays of the charmonium resonances J/ψ and ψ(3686) into baryon anti-baryon pairs
(BB̄) in e+e− annihilation have been extensively studied to test the perturbative quantum chro-
modynamics (QCD) [2], 12% rule, isospin symmetry and helicity selection rule. The angular
distribution of baryons from e+e− → J/ψ(ψ(3686))→ BB̄ is expected to be

dN
d cosθ

= 1+α cos2 θ , (2.1)

where θ is the angle between the baryon and the beam direction in the e+e− center-of-mass system.
The α is expected to be positive in most of models.

The measurements of J/ψ and ψ(3686) decay to Σ(1385)0Σ̄(1385)0 and Ξ0Ξ̄0 are performed [3]
via a single tag technique, in which the baryon Σ(1385)0/Ξ0 is reconstructed without including the
anti-baryon mode due to imperfection of the simulation related to the effect of annihilation for
anti-proton. The Σ(1385)0/Ξ0 is reconstructed by Σ(1385)0/Ξ0 → π0Λ with the Λ → pπ− and
π0 → γγ . The χcJ → Σ0Σ̄0,Σ+Σ̄− are studied [4] with full reconstruction. The measured branching
fractions and α are summarized in Tabs. 1, 2, and 3, respectively.

Table 1: The branching fractions for J/ψ(ψ(3686) → BB (in units of 10−4). The first uncertainties are
statistical, and the second systematic.

Mode B(J/ψ →) B(ψ(3686)→)

ΛΛ 19.43±0.03±0.33 3.97±0.02±0.12
Σ0Σ0 11.64±0.04±0.23 2.44±0.03±0.11
Σ(1385)0Σ(1385)0 10.71 ± 0.09 ± 0.82 0.69 ± 0.05 ± 0.05
Ξ0Ξ0 11.65 ± 0.04 ± 0.43 2.73 ± 0.03 ± 0.13

To test 12% rule, the ratio of ψ(3686) to J/ψ decay to these channels are calculated, which
are (20.43±0.11±0.58)%, (20.96±0.27±0.92)%, (6.44±0.47±0.64)%, and (23.43±0.26±
1.09)% for ΛΛ̄ and Σ0Σ̄0, Σ(1385)0Σ̄(1385)0, and Ξ0Ξ̄0, respectively. All the ratios are not in
agreement with 12%.

To test isospin symmetry, the ratios of the branching fractions are calculated based on the
measurements between the neutral mode and the corresponding charged modes [5] taking into
account the cancelation of the common systematic uncertainties. All ratios are within 1σ of the
expectation of isospin symmetry.
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Charmonium decays at BESIII Bo Zheng

Table 2: The branching fractions for χcJ → BB (in units of 10−5). The first uncertainties are statistical, and
the second systematic.

Decay mode B(χc0 →) B(χc1 →) B(χc2 →)

Σ+Σ− 51.8±2.6±3.0 3.8±0.6±0.3 3.6±0.7±0.3
Σ0Σ0 47.7±1.9±3.6 3.7±1.0±0.5 3.8±1.0±0.5

Table 3: The measured α values for J/ψ(ψ(3686) → BB. The first uncertainties are statistical, and the
second systematic.

Decay mode J/ψ → ψ(3686)→
ΛΛ 0.469 ± 0.026 ± 0.008 0.82 ± 0.08 ± 0.02
Σ0Σ0 −0.449±0.020±0.008 0.71±0.11±0.04
Σ(1385)0Σ(1385)0 −0.64±0.03±0.10 0.59±0.25±0.25
Ξ0Ξ0 0.66±0.03±0.05 0.65±0.09±0.14

3. Improved measurements of ψ(3686)→ γη ′,γη and γπ0

The predicted branching fractions of J/ψ and ψ(3686) radiative decay to light hadrons are
about 6% and 1% [6], respectively, while only about 10% of them have been observed exclu-
sively [7]. charmonium state radiative decays to a pseudoscalar meson are explained by various
phenomenological mechanisms [8]. In addition, the ratio RJ/ψ = B(J/ψ→γη)

B(J/ψ→γη ′) is predicted to be ap-
proximately equal to the ratio of Rψ(3686), which is similarly defined, in the first-order perturbative
QCD calculation [9].

The BESIII collaboration has reported the measurements of ψ(3686)→ γη ′,γη and γπ0 with
a data set containing 106 million ψ(3686) events [10]. Improved measurements of these channels
with a total of 448 million ψ(3686) events are performed. To increase statistics and suppress
background, the η → π+π−π0 and η → π0π0π0 are selected to reconstruct γη channel, while η ′

is reconstructed by η ′ → ηπ+π− and ηπ0π0 with η → γγ . The π0 meson is reconstructed with
π0 → γγ .

Clear signals of ψ(3686)→ γη ′,γη and γπ0 are observed, and the statistical significance for
ψ(3686)→ γη and γπ0 are 7.3σ and 6.7σ , respectively. Their branching fractions are measured
to be (125.1±2.2±6.2)×10−6, (0.85±0.18±0.04)×10−6 and (0.95±0.16±0.05)×10−6 for
ψ(3686) → γη ′,γη and γπ0, respectively, which are consistent with previous BESIII measure-
ments but in higher precision. The Rψ(3686) = (0.66± 0.13± 0.02)% is about 30 times smaller
than RJ/ψ = (21.4± 0.9)%, which is the corresponding ratio from J/ψ radiative decays. Further
investigations are necessary to understand this difference and the branching fractions of J/ψ and
ψ(3686) radiative decay to pseudoscalar meson globally. These results provide an ideal benchmark
for testing various theoretical models of radiative decays of cc̄ bound states.

4. Measurement of higher-order multipole amplitudes in ψ(3686)→ γχc1,2

The electric-dipole (E1) amplitudes are known to be dominant in ψ(3686) → γχc1,2 and
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χc1,2 → γJ/ψ . However, higher multipole amplitudes, such as magnetic quadrupole (M2) and
electric-octupole (E3), are allowed for in these transitions, and can provide information on the
anomalous magnetic moment κ of the charm quark and on the admixture of S- and D-wave states.

By assuming mc = 1.5 GeV/c2 and ignoring the mixing of S- and D-wave states, the con-
tributions b1,2

2 and a1,2
2 corrected to first order in Eγ1,2/mc are predicted to be b1

2 = 0.029(1+κ),
a1

2 =−0.065(1+κ), b2
2 = 0.029(1+κ), and a2

2 =−0.096(1+κ), respectively [11].
The ratio b1

2/b2
2 and a1

2/a2
2 are predicted to be (1.000±0.015) and (0.676±0.071), respective-

ly. Higher-order multipole amplitudes can be obtained by investigating the angular distributions of
the particles in the final states. The CLEO experiment reported significant M2 contributions in
ψ(3686)→ γχc1 and χc1,2 → γJ/ψ decays [11] and the BESIII found evidence for the M2 contri-
bution in ψ(3686)→ γχc2 and χc2 → π+π−/K+K− [12].

This analysis make use of a joint distributions of the five helicity angles in the final states to
measure the high-order multipole amplitudes. The PDFs for the joint angular distribution of the

χc1,2 decay sequences are defined as
WcJ(θ1,θ2,ϕ2,θ3,ϕ3,aJ

2,3,b
J
2,3)

WcJ(aJ
2,3,b

J
2,3)

, where WcJ(θ1,θ2,ϕ2,θ3,ϕ3,aJ
2,3,b

J
2,3)

is obtained from the helicity amplitues and the Clebsch-Gordan relation [13] and WcJ(aJ
2,3,b

J
2,3) is

used for normalization.
Nonpure E1 transition for the decay ψ(3686) → γ1χc1,2 → γ1γ2J/ψ is observed with sig-

nificance 24.3σ and 13.4σ for χc1 and χc2 channels [14], respectively. The measured result-
s are a1

2 = −0.0740 ± 0.0033 ± 0.0034 and b1
2 = 0.0229 ± 0.0039 ± 0.0027 for χc1 and a2

2 =

−0.120 ± 0.013 ± 0.004, b2
2 = 0.017 ± 0.008 ± 0.002, a2

3 = −0.013 ± 0.009 ± 0.004 and b2
3 =

−0.014± 0.007± 0.004 for χc2, respectively. Figure 1 shows the comparison of the results with
previous measurements with mc = 1.5 GeV/c2 and κ = 0. Our results are consistent but with higher
precision than those measured by CLEO-c [11]. The ratios of M2 contributions of χc1 to χc2, which
are independent of mc and κ at the leading order, are determined to be b1

2/b2
2 = 1.35± 0.72 and

a1
2/a2

2 = 0.617±0.083, which are consistent with the theoretical predications mentioned previous-
ly.

Based on the measurements, the product branching fractions for ψ(3686)→ γχc0,1,2 → γγJ/ψ
to be (15.8± 0.3± 0.6)× 10−4, (351.8± 1.0± 12.0)× 10−4, and (199.6± 0.8± 7.0)× 10−4, re-
spectively. The resuls for χc0 is consistent with previous BESIII measurement, while 3σ larger
than the result from CLEO [11] and the world average value [7]. The results for χc1,2 are consistent
with other measurements.

The search for ηc(2S)→ γJ/ψ is a byproduct and no statistically significant signal is observed,
and the upper limit is set to be B(ψ(3686)→ γηc(2S))×B(ηc(2S)→ γJ/ψ < 9.7×10−6 at the
90% C.L..

5. Observation of ψ(3686)→ e+e−χcJ and χcJ → e+e−J/ψ

The electromagnetic (EM) Dalitz decays are widely observed in light-quark meson sector,
and plays an important role in revealing the structure of hadrons and the interactions between
photons and hadrons. However, the analyogous transitions in charmonium decays haven’t been
studied previously. The measured small contribution of higher-order multipole amplitudes in
ψ(3686) → γχcJ requires other explanations on the puzzling discrepancies in the decay branch-
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Charmonium decays at BESIII Bo Zheng

Figure 1: Normalized M2 and E3 amplitudes compared with previous experimental results and theoretical
predictions [15] with mc = 1.5 GeVc2 and κ = 0. The y axis shows the number of signal events of each
experiment.

ing fractions B(ψ(3686) → γχcJ) between experimental results and theoretical predictions [16].
The q2 dependent EM transition form factors (TFFs) of the charmonium states, which can be ac-
cessed by the EM Dalitz decays, can provide additional information on the interactions between
the charmonium states and the electromagnetic field, serve as a sensitive probe to their internal
structures, possibly distinguish the transition mechanisms based on the cc̄ scenario and other solu-
tions which alter the simple quark model picture, and probe for exotic hadron structures based on
different models.

The measurements of ψ(3686)→ e+e−χcJ and χcJ → e+e−J/ψ are performed by analyzing
the cascade decays ψ(3686)→ e+e−χcJ,χcJ → γJ/ψ and ψ(3686)→ γχcJ,χcJ → e+e−J/ψ , re-
spectively. Figure 2 shows the M(γJ/ψ) and M(e+e−J/ψ) spectra, in which clear χcJ signals are
observed and corresponding to the decays ψ(3686) → e+e−χcJ and χcJ → e+e−J/ψ . The cor-
responding branching fractions are measured to be (11.7± 2.5± 1.0)× 10−4, (8.6± 0.3± 0.6)×
10−4, and (6.9± 0.5± 0.6)× 10−4 for ψ(3686)→ e+e−χc0,1,2, and (1.51± 0.30± 0.13)× 10−4,
(3.73±0.09±0.25)×10−3, and (2.48±0.08±0.16)×10−4 for χc0,1,2 → e+e−J/ψ [17], respec-
tively.

The q distributions for the decays ψ(3686) → e+e−χc1,2 and χc1,2 → e+e−J/ψ from data
are shown in Fig. 3, which are consistent with the distributions from MC samples based on an
assumption of pointlike meson model proposed in Ref. [18].

6. Measurement of χc0,2 → ηη ′ and η ′η ′

Measurements of the the two-body decays of χcJ to SS, PP and VV (S = scalar, P = pseu-
doscalar, V = vector), can reveal the OZI rule violating mechanisms in charmonium sector. It was
shown that apart from the singly OZI (SOZI) disconnected process, the doubly OZI (DOZI) dis-
connected process may play a crucial role in the production of isospin-0 light meson pairs, for
instance, in χcJ → f0 f ′0, ωω , ϕϕ , ωϕ , ηη , ηη ′ and η ′η ′. By defining the relative strength r be-
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Figure 2: Distributions of (left) M(γJ/ψ) and (right) M(e+e−J/ψ) from data (points with error bars).
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Figure 3: Comparisons of q distribution between data and MC simulation for the decays (a) ψ(3686) →
e+e−χ1̧, (b) ψ(3686)→ e+e−χc2, (c) χc1 → e+e−J/ψ , and (d) χc2 → e+e−J/ψ . The points with error bars
are data and the red histograms are for the signal MC simulation.

tween the DOZI and SOZI violating amplitudes in addition to several other physical quantities in
the SU(3) flavor basis, insights into the mechanisms for producing light meson pairs in charmoni-
um decays can be gained. For χc0,2 → PP decays, most of them have been well measured except
for the processes with final states containing an η ′ meson, to which r is more sensitive. Therefore,
measurements of χc0,2 → η ′η ′ and ηη ′ are desirable and crucial to disentangle the roles played by
OZI violation in charmonium decay.

To increase statistics, two dominant η ′ decay modes, η ′ → γπ+π− and η ′ → ηπ+π−, are
considered, while the η is reconstructed in its prominent decay mode η → γγ . Consequently, there
are three decay modes in the study of χc0,2 → η ′η ′ and two decay modes are considered for χc0,2 →
ηη ′. A simultaneous fit to the spectra of η ′η ′ and ηη ′ are performed and the results are obtained,
which are (2.19± 0.03± 0.14)×10−3, (4.76± 0.56± 0.38)×10−5, (8.92±0.84± 0.65)× 10−5

and (2.27± 0.43± 0.25)× 10−5 for χc0 → η ′η ′, χc2 → η ′η ′, χc0 → ηη ′ and χc2 → ηη ′ [19],
respectively. The decays χc2 → η ′η ′, χc0 → ηη ′ and χc2 → ηη ′ are observed for the first time
with significance of 9.6σ , 13.4σ and 7.5σ , respectively, With the measured branching fractions,
the parameter r for the χc0 and χc2 decays to PP final states, is estimated to be around −0.15
according to Eq. (15) in Ref. [20] with its input parameters. This implies that the contribution from
the DOZI violating amplitude is suppressed in χc0,2 → PP decays in comparison with the SOZI
ones [20]. In addition, we find B(χc0 → η ′η ′)/B(χc2 → η ′η ′) ≈ 45, which is about one order
larger than the ratios for other pseudoscalar meson pairs, ranging from 3 to 6 for π+π−, π0π0,
K+K−, K0

S K0
S , ηη [7] and ηη ′. This large ratio is expected by the model proposed in Ref. [20]
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given a relatively suppressed DOZI-violating contribution. This may initiate further studies about
the dynamics of χc0,2 → PP.

7. Observation of HSR suppressed processes χc2 → K(892)∗K and study of
χc2 → ρ±π

The fact that the pQCD plays a dominant role in the charmonium sector is well-known, how-
ever, there are many hints that the non-perturbative mechanisms can become important. Exclusive
decays of the P-wave charmonium state χc2 →V P are ideal for testing the HSR probing the long-
range interactions arising from intermediate D-meson loop transitions.

A partial wave analysis of the process χc2 → KK̄π and π+π−π0 are performed. The branching
fractions for χc2 decays to K∗±K∓, K∗0K̄0, K∗±

2 K∓, K∗0
2 K̄0, K∗±

3 K∓, K∗0
3 K̄0, a0

2π0, and a±2 π∓

are (1.5± 0.1± 0.2)× 10−4, (1.3± 0.2± 0.2)× 10−4, (15.5± 0.6± 1.2)× 10−4, (13.0± 1.0±
1.5)× 10−4, (5.4 ± 0.5 ± 0.7)× 10−4, (5.9 ± 1.6 ± 1.5)× 10−4, (13.5 ± 1.6 ± 3.2)× 10−4 and
(18.4± 3.3± 5.5)× 10−4 [21], respectively. The relative large χc2 → K∗±K∓,K∗0K̄0 branching
fractions indicate the HSR violation occurs via the intermediate mesons loops due to the large U-
spin symmetry breaking while χc2 → ρ±π∓ due to isospin symmetry breaking. These results are
crucial for further study of the HSR violation mechanisms.

8. Improved measurements of ηc → ϕϕ ,ωϕ

The ηc decays into vector meson pairs is highly suppressed at leading order in QCD due to
the HSR, and it is observed by MARKIII [22] with a product branching fraction with J/ψ → γηc

of (1.02± 0.25± 0.14)× 10−4, and the result is confirmed by BES [23] and BESIII [24] experi-
ments. However, the measured branching fraction is much larger than the theoretical calculations
in different scenario [25].

An amplitude analysis is performed to extract the ηc → ϕϕ yield. The amplitude formulas
are constructed with the helicity covariant method [26] and the ηc resonance is parameterized with
the Breit-Wigner function multiplied by a damping factor f (s) = 1

M2−s−iMΓ
F(Eγ )

F(E0
γ )

. The branching

fraction B(ηc → ϕϕ) is determined (2.5×0.3+0.3
−0.7)×10−3 [27] by using B(J/ψ → γηc) = 1.7±

0.4)%. A search for ηc → ωϕ is also performed, no significant signal is observed for this channel
and the upper limit is set to be B(ηc → ωϕ)< 2.5×10−4 at 90% C.L..

9. Searches for ηc/η(1405)→ π+π−π0

The ηc decays dominant through cc̄ annihilation into two gluons, which can be used to obtain
the gluon dynamics. Its decay also can be used to test isospin symmetry. Although many of two- or
three-body hadornic final states have been measured, the three-pion decay has not been observed
before.

The decay ψ(3686)→ γηc,ηc → π+π−π0 is used to search for ηc → π+π−π0. An unbinned
maximum likelihood fit to the invariant mass of π+π−π0 in the range of [2.80,3.15] GeV/c2 gives
no significant ηc signal and an upper limit is set to be B(ηc → π+π−π0)< 5.5×10−4 [28]. A sim-
ilar analysis on γπ+π−π0 final state give an upper limit of B(ψ(3686)→ γη(1405)),η(1405)→
f0(980)π0, f0(980)→ π+π−)< 5.2×10−7.
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10. Summary

With the large J/ψ and ψ(3686) data sets collected with BESIII detector, the BESIII collabo-
ration has reported many charmonium decays, which provide important information on charmoni-
um production and decay properties. There are still many analysis ongoing and can be expected to
be published in near future. More J/ψ and ψ(3686) events are planed to be collected at the BESIII
detector and more results for charmonium decays are promising.
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