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Abstract: Using (2712.4±14.3)×106 ψ(3686) events collected with the BESIII detector
operating at BEPCII, the branching fractions of χcJ → π+π−π0π0 (J = 0, 1, 2) are mea-
sured via the radiative transition ψ(3686) → γχcJ . The results are B(χc0 → π+π−π0π0) =

(3.10 ± 0.01 ± 0.14) × 10−2, B(χc1 → π+π−π0π0) = (1.16 ± 0.01 ± 0.05) × 10−2, and
B(χc2 → π+π−π0π0) = (1.92 ± 0.01 ± 0.08) × 10−2, where the first uncertainties are
statistical and the second systematic. The dominant intermediate states are found to be
χcJ → ρ+ρ−. These results supersede the previous most precise measurements and provide
significantly improved precision.
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1 Introduction

Charmonium decays have attracted widespread interest as an excellent laboratory for
studying quark-gluon dynamics at relatively low energy. Precise measurements of the
decay properties of conventional charmonium states, particularly the P-wave triplet states
χcJ(J = 0, 1, 2), remain an important research within the BESIII experiment and in the
broader field of charmonium physics [1]. Many decay modes remain unobserved. Even
for the known decay modes, some measured branching fractions still need to be improved
due to limited statistics in earlier measurements [2]. Previous theoretical studies indicate
that the color-octet-mechanism plays a role in the decay of the P -wave charmonium states
[3–6]. In order to build a comprehensive understanding of the P -wave dynamics, more
precise experimental measurements for χcJ are necessary. Although χcJ states are hard to
produce in e+e− collisions via the annihilation process, they can be abundantly produced
in the radiative transitions ψ(3686) → γχcJ with a sizable branching fraction (∼9 %) [7].
Currently, the worlds largest ψ(3686) data sample [8] produced directly in e+e− collisions
has been collected at BESIII. This provides an excellent opportunity to further investigate
the decay dynamics of χcJ .

In this work, we measure the branching fractions of χcJ → π+π−π0π0 via the radia-
tive transition processes of ψ(3686) → γχcJ . We also investigate the intermediate states
contributing to these decays.
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2 BESIII detector and Monte Carlo simulation

The BESIII detector is a magnetic spectrometer [9] located at the Beijing Electron Positron
Collider (BEPCII) [10]. The cylindrical core of the BESIII detector consists of a helium-
based multilayer drift chamber (MDC) [11], a plastic scintillator time-of-flight system
(TOF), and a CsI (Tl) electromagnetic calorimeter (EMC), which are all enclosed in a
superconducting solenoidal magnet, providing a 1.0 T magnetic field. The solenoid is
supported by an octagonal flux-return yoke with resistive plate chamber muon identifier
modules interleaved with steel. The acceptance of charged particles and photons is 93 %
over the 4π solid angle. The charged-particle momentum resolution at 1 GeV/c is 0.5%,
and the dE/dx resolution is 6% for the electrons from Bhabha scattering. The EMC
measures photon energies with a resolution of 2.5% (5%) at 1 GeV in the barrel (end
cap) region. The time resolution of the TOF barrel section is 68 ps, while that of the end
cap section was 110 ps. The end cap TOF system was upgraded in 2015 with multi-gap
resistive plate chamber technology, providing a time resolution of 60 ps [12–14], which is
relevant for 83% of the data used in this analysis.

This analysis is based on the ψ(3686) data sample collected with the BESIII detector.
The data were taken at the ψ(3686) resonance peak during three running periods in 2009,
2012, and 2021, with integrated luminosities of 161.63 pb−1, 506.92 pb−1, and 3208.5 pb−1,
respectively. The number of ψ(3686) events is determined to be (2.712 ± 0.014) × 109

via an analysis of inclusive hadronic decays [8]. The data samples were reconstructed with
BOSS [15].

The BESIII detector is simulated using the GEANT4-based [16] simulation software
BOOST [17], which includes the geometric and material description of the BESIII detector,
the detector response and digitization models, as well as a record of the detector running
conditions and performances.

To determine the detection efficiencies, exclusive Monte Carlo samples are generated.
The production process ψ(3686) → γχcJ follows a pure electric dipole (E1) transition [18],
while the subsequent decays χcJ → π+π−π0π0 are generated with a uniform phase-space
(PHSP) distribution. To study the intermediate states, dedicated MC samples are gener-
ated using the VSS model [19], which provides an accurate simulation of ρ → ππ decay
dynamics. For the inclusive ψ(3686) sample, the ψ(3686) resonance is simulated using
KKMC [20, 21], with known decays handled by BesEvtGen [19] using branching fractions
from the Particle Data Group (PDG) [7], and unknown decays are modeled by LUND-
CHARM [22]. These inclusive MC samples, comprising 2.7 billion ψ(3686) events [8], are
used to analyze background contributions and to optimize the event selection criteria in
order to enhance signal efficiency and reduce background contamination.

3 Event selection and background analysis

3.1 General event selection

Charged tracks detected in the MDC are required to be within | cos θ| < 0.93, where the
polar angle θ is defined with respect to the z-axis, the symmetry axis of the MDC. The
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distance of the closest approach to the interaction point, |Vz| , must be less than 10 cm in
the z-direction and the distance |Vxy| must be less than 1 cm in the plane perpendicular
to z, for all charged tracks.

Particle identification (PID) for charged tracks combines the dE/dx measurements in
the MDC and the information for TOF to form likelihoods L(h) for each hadron hypothesis
h (h = p,K, π). Tracks are identified as pions if the pion hypothesis has the greatest
likelihood (L(π) > L(K) and L(π) > L(p)).

Photon candidates are identified using showers in the EMC. The deposited energy of
each shower must exceed 25 MeV in the barrel region (| cos θ| < 0.80) and 50 MeV in the end
cap region (0.86 < | cos θ| < 0.92). To exclude showers that originate from charged tracks,
the angle between the position of each shower in the EMC and the closest extrapolated
charged track must be greater than 10◦. To suppress electronic noise and showers unrelated
to the event, the difference between the EMC time and the event start time is required to
be within [0, 700] ns.

Since the final state under study is γπ+π−π0π0 (with each π0 reconstructed from two
photons), candidate events are required to contain two charged tracks, identified as pions
with zero net charge and at least five photons.

3.2 Further event selection and background study

In order to reduce background and improve the mass resolution, a six constraint (6C) kine-
matic fit is performed, constraining the final state energy-momentum to the total initial
four-momentum of the colliding beams and the masses of the two π0 candidates to the
known π0 mass and providing a goodness-of-fit, χ2

6C, is then obtained. If there is more
than one π0π0 combinations, the one with the smallest χ2

6C is selected. Furthermore, a
requirement of χ2

6C < 60 is imposed. This criterion was determined by optimizing the
Figure-of-Merit (FOM), defined as FOM = SMC/

√
(SMC +BincMC). Here, SMC denotes

the normalized event yield from the signal MC sample, and BincMC represents the esti-
mated background yield derived from the inclusive MC sample. The sum (SMC +BincMC)

corresponds to the total normalized yield from the inclusive MC sample. To suppress back-
ground from events with more or less than five photons, four-constraint energy-momentum
conservation kinematic fits are performed for 6γπ+π− (if available), 5γπ+π−, and 4γπ+π−

hypotheses corresponding to χ2
more, χ2

norm, and χ2
less, respectively, and χ2

norm < χ2
more and

χ2
norm < χ2

less are required.
After these selections, potential backgrounds are investigated using the inclusive MC

sample. The main backgrounds are found to originate from ψ(3686) → π0π0J/ψ, π+π−J/ψ,
π+π−π0J/ψ and the peaking background χcJ → K0

SK
0
S with one K0

S decaying to π+π− and
the other to π0π0. The ππJ/ψ backgrounds are vetoed by requiring the ππ recoil mass MR
to be outside the J/ψ signal region: MR(π

0π0) > 3.07 GeV/c2 and 3.09 GeV/c2 < MR(π
+π−) <

3.10 GeV/c2. Events with π+π−π0 (predominantly from ηJ/ψ), are vetoed by requiring
the π+π−π0 invariant mass M(π+π−π0high) to lie outside the range 3.09 to 3.18 GeV/c2,
where π0high refers to the higher-momentum π0 candidate among the two reconstructed.
Additionally, the peaking background from χcJ → K0

SK
0
S is vetoed by excluding events

within the 2-dimensional mass window: M(π+π−) ∈ (0.445, 0.515) GeV/c2 and M(π0π0) ∈
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(0.475, 0.520) GeV/c2. All veto windows and mass requirements use widths of ±3σ, where
the σs are determined by double-Gaussian fits to the corresponding mass peaks in the
exclusive MC sample.

Figure 1 shows the distribution of the invariant mass M(π+π−π0π0) with clear χcJ
peaks. Figure 2 shows the scatter plots of M(π+π0) versus M(π−π0) for events in the
χc0,1,2 mass regions, where the π+π0 and π−π0 combination is chosen to minimize ∆ ≡
(M(π+π0) − Mρ)

2 + (M(π−π0) − Mρ)
2, with Mρ being the nominal ρ mass. The data

indicates the presence of ρ+ρ−, ρππ, and ρ(1700)ππ intermediate states.
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Figure 1. Distribution of M(π+π−π0π0) in data and the background contributions from the MC.
The data points with error bars are shown in black. The total fit result is depicted by the red solid
curve. The different χcJ states (J = 0, 1, 2) are indicated by dashed curves in distinct colors. The
individual background components are: the pink solid curve, dominated by backgrounds with π0h1;
the blue solid curve, accounting for the peaking backgrounds; the black solid curve, primarily from
π0π0J/ψ events; the yellow solid curve, representing a smooth description of other backgrounds;
and the green solid curve, for the continuum background.

4 Signal yields and branching fraction calculation

The χcJ yields are obtained by an unbinned maximum likelihood fit to the M(π+π−π0π0)

distribution. The probability density function (PDF) employed in the fit includes the χcJ
signals and five background functions. The invariant mass distributions from the exclusive
MC samples are used to model the χcJ signal shapes. Furthermore, to account for the
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Figure 2. The distribution of M(π+π0) versus M(π−π0) for events in the χc0(left), χc1(middle),
and χc2(right) signal regions.

energy dependence in the E1 transition vertex, the PDFs of the signals are weighted event
by event using the function w [23], given by

w =

(
Eγ(Mt)

Eon

)3

× damp(Eγ(Mt)), (4.1)

where Mt denotes M(π+π−π0π0) from MC truth, Eγ(Mt) =
m2
ψ(3686)

−M2
t

2mψ(3686)
is the energy of

the transition photon in the rest frame of ψ(3686), mψ(3686) is the nominal mass of ψ(3686),
and Eon is the fixed photon energy corresponding to an on-shell χcJ decay, calculated as
Eon = (m2

ψ(3686) −m2
χcJ

)/(2mψ(3686)) where mχcJ is the nominal χcJ mass from the PDG.
An empirical damping function adopted from the KEDR experiment [24] is used to control
the infrared divergence in the E3

γ factor and is given by

damp(Eγ(Mt)) =
E2

on

EγEon + (Eγ − Eon)
2 . (4.2)

The signal PDF, PDF(s), is described by PDFw, which is the MC-simulated shape (not
including the w function) corrected for the w-function effect, convolved with a Gaussian
function (G) that accounts for the resolution difference between data and MC simulation:

PDF(s) = PDFw ⊗G, (4.3)

where ⊗ denotes convolution, and G ≡ G(m;µ, σ) with µ and σ as free parameters in the
fit.

The continuum background is estimated using data taken at
√
s = 3.650 GeV [25].

To compensate for the phase-space difference between
√
s = 3.650 and 3.686 GeV, the

invariant mass m is linearly scaled as mshift = a(m−m0)+m0, where m0 is the production
threshold and a adjusts for the energy shift from

√
s = 3.650 GeV to 3.686 GeV. The line

shape and number of events of the peaking background component are fixed, as obtained
from the inclusive MC after normalization to the integrated luminosity of the dataset. The
background from ψ(3686) → π0π0J/ψ is modeled with its line shape fixed from the inclu-
sive MC and the number of events left as a free parameter in the fit. The combinatorial
background comprises multiple processes and is not well described by a single simulated
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shape. Therefore, we model it empirically with two functions: a Gaussian function approx-
imates the relatively peaking component dominated by ψ(3686) → π0h1 (with h1 → ρπ),
and an Argus function [26] describes the remaining smooth, threshold-dependent combina-
torial background. The endpoint parameter m0 of the Argus function is fixed at 3.7 GeV,
while its shape parameter and overall normalization are determined from the fit to data.

Figure 1 shows the fit result, and the signal yields are listed in Table 1. The product
branching fraction, defined as Bprod = B(ψ(3686) → γχcJ) · B(χcJ → π+π−π0π0), is
calculated as

Bprod =
Nobs

N tot
ψ(3686) · B2(π0 → γγ) · εcorr

, (4.4)

where Nobs, N tot
ψ(3686), and εcorr denote the number of net signal events, the number of

ψ(3686) events, and the corrected detection efficiency (corrected via the multidimensional
reweighting defined in Eq. 5.1), respectively.

Source χc0 χc1 χc2

Nobs 1363270± 1436 544611± 876 847320± 1077

εcorr (%) 16.98± 0.08 18.19± 0.08 17.51± 0.08

Bprod (×10−3) 3.03± 0.01± 0.12 1.13± 0.01± 0.04 1.83± 0.01± 0.07

B(χcJ → π+π−π0π0) (%) 3.10± 0.01± 0.14 1.16± 0.01± 0.05 1.92± 0.01± 0.08

Table 1. Signal yields, detection efficiencies, and measured branching fractions.

5 Systematic uncertainty

The sources of systematic uncertainties include the tracking and photon efficiencies, π0 re-
construction, PID, intermediate state, kinematic fit, signal yields, background veto, number
of ψ(3686) events, and quoted branching fractions.

• MDC Tracking and PID. The uncertainties in the MDC tracking and PID for each
pion are estimated using the control sample J/ψ → π+π−π0, resulting in a systematic
uncertainty of 1.0% for tracking and 1.0% for PID per pion track [27, 28].

• π0 reconstruction. The uncertainty of the π0 reconstruction is studied with the
control sample J/ψ → π+π−π0, and determined to be 1.0% per π0 [29], including
the uncertainty from photon detection.

• Photon detection. The uncertainty from photon detection is 1%, obtained from
studies of the control sample J/ψ → γπ0π0 [30].

• MC simulation. The presence of the intermediate states in Figure 2 indicates that a
pure PHSP model may not adequately capture the signal kinematics. The uncertainty
due to imperfections in the MC modeling of the cos θ and momentum distributions
of pion tracks (taking the χc0 as an example in Figure 3) is estimated using a multi-
variable product method, yielding systematic uncertainties of 0.2%, 0.1%, and 0.9%
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for χc0, χc1, and χc2, respectively. The corrected efficiency εcorr is defined as:

εcorr =

∑
i,j,k n

MC
i,j,k · ϵi,j,k∑

i,j,k n
truth
i,j,k · ϵi,j,k

,

ϵi,j,k =


ndatai,j,k − nbkgi,j,k · fbkg

nMC
i,j,k

, nMC
i,j,k ̸= 0

1, nMC
i,j,k = 0

.

(5.1)

where the indices (i, j, k) denote the bins of cos θ, momentum, and particle type,
respectively. ntruth and nMC are the event yields from the MC generator and after
full simulation. ndata and nbkg are yields from data and estimated background in
the control sample. fbkg is the background fraction. The factor ϵi,j,k is the bin-wise
data/MC efficiency ratio.
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Figure 3. Comparison of momentum and cos θ distributions for π0, π+, and π− between data
and signal MC samples. From top to bottom, the rows show the distributions for the momentum
and cos θ distributions, respectively. From left to right, the columns show the π0, π+, and π−,
respectively. The χc0 signal MC is corrected to match the data using the multivariable product
method. The black points with error bars represent the data, and the red lines show the corrected
MC distributions. The χc0 distributions are shown, as an example.

• Intermediate states. A study based on a two-dimensional fit to data, which con-
strains the possible double-ρ contribution (modeled with the Gounaris-Sakurai line
shape [31]), shows that the resulting efficiency variations (0.1%, 0.3%, 0.4% for χcJ)
are of the same order as the MC uncertainties from pion reweighting. Therefore, no
additional uncertainty is assigned to avoid double-counting.
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• Kinematic fit. The systematic uncertainty due to the kinematic fit is estimated by
comparing the detection efficiencies with and without correcting track helix param-
eter [32].

• J/ψ- or K0
SK

0
S-related background veto. The uncertainties caused by these two

background vetoes are estimated by varying their mass windows in steps of 5 MeV/c2.
For each step, the deviation between the alternative and nominal branching fraction
is evaluated using the Barlow test [33–35] statistic ζ = |Bnom−Btest|/

√
|σ2nom − σ2test|,

where B denotes the branching fraction and σ is the statistical uncertainty. All ζ
values obtained are found to be less than 2.0, indicating negligible systematic effects
according to the Barlow criterion. Therefore, no uncertainty is assigned for these two
sources.

• Signal yields. The systematic uncertainty in signal yields, obtained by fitting the
M(π+π−π0π0) spectrum, includes contributions from the background function, the
peaking background, the fit range and the signal function. They are estimated as
follows:

− The uncertainty caused by the background function is estimated by comparing
the fits where the background is modeled by an Argus function only and by an
Argus function plus a 2nd order Chebyshev polynomial.

− The uncertainty from peaking backgrounds is estimated by performing two types
of fits with its yield fixed and floated, respectively. The resulting difference in
the signal yield is taken as the systematic uncertainty.

− The uncertainty from the fit range is estimated by performing multiple varia-
tions of the range boundaries. Both the lower and upper limits are indepen-
dently adjusted in steps of 0.5 MeV/c2, with four shifts in each direction within
± 2.5 MeV/c2 around the nominal range of [3.25, 3.65] GeV/c2. For each varia-
tion, the Barlow test statistic ζ is calculated, and all values obtained are found
to be below 2.0, indicating a negligible systematic uncertainty.

− The uncertainty caused by the damping function is estimated by replacing it
with e−E

2
γ/(8β

2), which was used by CLEO [36] to describe the dynamics of the
production vertex from ψ(3686). The differences on the χcJ signal yields are
taken as the systematic uncertainties. This results in relative systematic uncer-
tainties of 1.1 %, 0.2 %, and 0.1 % for the χc0, χc1, and χc2 branching fractions,
respectively, which are the dominant contributions to the total uncertainties of
the signal yields.

• Number of ψ(3686). The uncertainty in the number of ψ(3686) events is determined
to be 0.5% with inclusive hadronic ψ(3686) decays [8].

• MC statistics. The systematic uncertainties due to the limited statistics of the signal
MC samples are 0.5%, 0.4%, and 0.4% for χcJ → π+π−π0π0, respectively. They
are calculated via

√
(1−ε)/N
ε , where ε is the detection efficiency and N is the total

number of MC events.
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Source χc0 χc1 χc2

Tracking 2.0 2.0 2.0
PID 2.0 2.0 2.0
π0 reconstruction 2.0 2.0 2.0
Photon detection 1.0 1.0 1.0
MC simulation 0.2 0.1 0.9
Intermediate state n n n
Kinematic fit 0.3 0.6 0.6
J/ψ veto n n n
K0

SK
0
S veto n n n

Signal yields 1.1 0.3 0.1
Nψ(3686) 0.5 0.5 0.5
MC statistics 0.5 0.4 0.4
B(ψ(3686) → γχcJ)·B(χcJ → π+π−π0π0) 3.9 3.7 3.8
B(χcJ → π+π−π0π0) 4.4 4.5 4.4

Table 2. Relative systematic uncertainties (%) for χcJ → π+π−π0π0, where "n" means negligible.

• Branching fractions of ψ(3686) → γχcJ . The branching fractions for χc0, χc1, and
χc2 are taken from the PDG [7] and their uncertainties are 2.0 %, 2.5 %, and 2.1 %,
respectively.

Table 2 lists all of the systematic uncertainties. The total systematic uncertainities
are obtained from quadrature sum of individual systematic uncertainties.

6 Summary

Using (2712.4 ± 14.3)×106 ψ(3686) events, we report significantly improved measurements
of the χcJ → π+π−π0π0 branching fractions through ψ(3686) → γχcJ decays, superseding
previous results by BESIII. The measured branching fractions are: B(χc0 → π+π−π0π0) =

(3.10 ± 0.01 ± 0.14) × 10−2; B(χc1 → π+π−π0π0) = (1.16 ± 0.01 ± 0.05) × 10−2; and
B(χc2 → π+π−π0π0) = (1.92 ± 0.01 ± 0.08) × 10−2, where the first uncertainties are
statistical and the second systematic. Our measurements can be directly compared with
the previous most precise results from the CLEO collaboration [2]. Our results are in good
agreement with those values but are determined with a statistical precision improved by
nearly an order of magnitude.

The neutral-to-charged ratios RJ = B(χcJ → π+π−π0π0)/B(χcJ → 2π+2π−) are
calculated to be 1.57 ± 0.11 for J = 0, 1.70 ± 0.11 for J = 1, and 1.70 ± 0.12 for J = 2.
Although these ratios provide significant constraints, their interpretation is challenging
due to the complex dynamics of multi-pion final states, which involve both QCD and
QED processes as well as non-trivial angular-momentum couplings. The analysis, enabled
by the improved precision, indicates that ρ+ρ− intermediate states are dominant in the
χcJ → π+π−π0π0 decays.
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