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Using a data sample corresponding to an integrated luminosity of 10.9 fb−1 collected at center-of-mass
energies from 4.16 to 4.34 GeV with the BESIII detector, we search for the decay χc1ð3872Þ → πþπ−χc1
in the radiative production eþe− → γχc1ð3872Þ. No significant signal is observed, and the ratio for

the branching fraction of χc1ð3872Þ → πþπ−χc1 to χc1ð3872Þ → πþπ−J=ψ is measured as R≡
B½χc1ð3872Þ→πþπ−χc1�
B½χc1ð3872Þ→πþπ−J=ψ � < 0.18 at 90% confidence level. An upper limit on the product of the cross section

σ½eþe− → γχc1ð3872Þ� and the branching fraction B½χc1ð3872Þ → πþπ−χc1� at each center-of-mass energy
is also given. These measurements favor the nonconventional charmonium nature of the χc1ð3872Þ state.
DOI: 10.1103/PhysRevD.109.L071101

The χc1ð3872Þ charmoniumlike state was first discov-
ered in 2003 by the Belle experiment in the decay B →
Kχc1ð3872Þ → Kπþπ−J=ψ [1]. It was then observed by
many experiments in various production and decay modes
[2,3]. The main features of the χc1ð3872Þ are the following:
it is a narrow state, Γ ¼ 1.19� 0.21 MeV; its mass is
very close to the D0D̄�0 threshold, with an error of
0.18 MeV=c2; and it has quantum numbers JPC ¼ 1þþ.
Also, there is an obvious isospin-violation effect in its
decays, e.g. the decay χc1ð3872Þ → πþπ−J=ψ has been
found to proceed predominantly via ρJ=ψ [2]. The exper-
imentally well-established decay channels of the χc1ð3872Þ
include χc1ð3872Þ → πþπ−J=ψ [1,4,5], D0D̄�0 [6,7], γJ=ψ
[7,8], π0χc1 [9], and ωJ=ψ [10,11]. Theoretical interpre-
tations of the nature of the χc1ð3872Þ state include a
tetraquark state [12], the χc1ð2PÞ charmonium state [13],
and a D0D̄�0 molecule state [14,15], without a definitive
conclusion. Therefore, more detailed studies of χc1ð3872Þ
from both experimental and theoretical sides are necessary
for an in-depth knowledge of the χc1ð3872Þ internal
structure.
Unlike χc1ð3872Þ → ωJ=ψ , the decay χc1ð3872Þ →

π0χc1 is isospin-violating and presumed to be highly
suppressed. However, the BESIII experiment has observed
the decay χc1ð3872Þ → π0χc1, with a relative branching

fraction ratio B½χc1ð3872Þ→π0χc1�
B½χc1ð3872Þ→πþπ−J=ψ � ¼ 0.88þ0.33

−0.27 � 0.10 [9].

Taking into account B½χc1ð3872Þ→ωJ=ψ �
B½χc1ð3872Þ→πþπ−J=ψ �¼1.6þ0.4

−0.3 �0.2 [11],

the branching fraction B½χc1ð3872Þ → π0χc1� has a size
similar to B½χc1ð3872Þ → ωJ=ψ �. This unexpectedly large
isospin violation indicates that χc1ð3872Þ may not be a
conventional charmonium.
If the χc1ð3872Þ is the χc1ð2PÞ charmonium state,

isospin-conserving decays, such as χc1ð3872Þ →
πþπ−χc1, are expected to dominate. Theoretical calcula-
tions show that the one-pion transition is significantly
suppressed with respect to the dipion transition, with
Γð23P1→χc1π

0Þ
Γð23P1→χc1π

þπ−Þ ≈ 0.04 [16]. However, the one-pion transi-

tion rate could be enhanced assuming the χc1ð3872Þ is a
shallow bound state of a D̄0D�0 pair [17]. Therefore
experimental studies of the decay χc1ð3872Þ → πþπ−χc1
help to discriminate theoretical interpretations for the
nature of the χc1ð3872Þ.
In this article, we report on the search for the process

eþe− → γχc1ð3872Þ → γðπþπ−χc1Þ. The χc1 candidate is
reconstructed via its decay to γJ=ψ , with J=ψ → lþl−

(l ¼ e or μ). Due to the relatively low momenta, pions may
not be fully detected. To increase the signal yield, events
with either one or two detected pions are used for signal
reconstruction. The data sample is taken with the BESIII
detector [18] at 15 center-of-mass (c.m.) energies ranging
from

ffiffiffi
s

p ¼ 4.16 to 4.34 GeV [19], corresponding to an
integrated luminosity of 10.9 fb−1 [20].
The BESIII detector [18] records symmetric eþe−

collisions provided by the BEPCII storage ring [21]
in the c.m. energy region from 2.0 to 4.95 GeV, with a
peak luminosity of 1 × 1033 cm−2 s−1 achieved at

ffiffiffi
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p ¼
3.773 GeV. The cylindrical core of the BESIII detector
covers 93% of the full solid angle and consists of a helium-
based multilayer drift chamber (MDC), a plastic scintillator
time-of-flight system (TOF), and a CsI(Tl) electromagnetic
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calorimeter (EMC), which are all enclosed in a super-
conducting solenoidal magnet providing a 1.0 T magnetic
field. The solenoid is supported by an octagonal flux-return
yoke with resistive plate counter muon identification
modules interleaved with steel [22]. The charged-particle
momentum resolution at 1 GeV=c is 0.5%, and the dE=dx
resolution is 6% for 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 in the TOF barrel region is 68 ps, while that in
the end cap region was 110 ps. The end cap TOF system
was upgraded in 2015 using multigap resistive plate
chamber technology, providing a time resolution of
60 ps [23]. About 83% of the data used here benefits from
this upgrade.
Simulated data samples produced with a GEANT4-based

[24] Monte Carlo (MC) simulation software package,
which includes the BESIII detector response and geometric
description, are used to optimize the event selection criteria,
determine the detection efficiency, and estimate the back-
grounds. For the signal process, we generate 100 000
eþe− → γχc1ð3872Þ events at each c.m. energy, assuming
an E1 radiative transition process which has been con-
firmed by BESIII data [5]. The χc1ð3872Þ → πþπ−χc1
decay is described with the phase-space model in
EVTGEN [25]. Initial-state radiation (ISR) is simulated with
KKMC [26], by incorporating the

ffiffiffi
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p
-dependent production

cross section of eþe− → γχc1ð3872Þ into the program [11].
The maximum ISR photon energy is set according to the
production threshold of the γχc1ð3872Þ system. Final-state
radiation is simulated with the PHOTOS package [27].
The background contributions are investigated using an

inclusive MC sample, which includes the production of
open-charm processes, the ISR production of vector char-
monium(like) states, and the continuum processes incor-
porated in KKMC. All particle decays are modeled with
EVTGEN [25] using branching fractions taken from the
Particle Data Group (PDG) [2] when available and other-
wise modeled with LUNDCHARM [28]. The equivalent
luminosity of the inclusive MC sample is 40 times that
of data at
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p ¼ 4.178 GeV and is of equal size to data at
other c.m. energies. A generic event-type analysis tool,
TopoAna [29], is employed to study the backgrounds.
Charged tracks are required to be within a polar angle

range of j cos θj < 0.93, where θ is defined with respect to
the z axis (the symmetry axis of the MDC). For each
charged track, the distance of the closest approach to the
interaction point (IP) must be less than 10 cm along the z
axis, and less than 1 cm in the transverse plane. The pions
from the χc1ð3872Þ decay and the leptons from the J=ψ
decay are kinematically well separated. Thus, charged
tracks with momenta greater than 1.0 GeV=c in the
laboratory frame are taken as lepton candidates, while
those with momenta less than 0.3 GeV=c are taken as
pion candidates due to limited phase space. The energy

deposition in the EMC of a lepton candidate is used to
separate e from μ. Both μ candidates are required to have
deposited energies less than 0.4 GeV, while both e
candidates are required to have deposited energies greater
than 1.1 GeV.
Photon candidates are identified using showers in the

EMC. The deposited energy of each shower must be more
than 25 MeV in the barrel region (j cos θj < 0.80) and more
than 50MeV in the end cap region (0.86 < j cos θj < 0.92).
To exclude showers that originate from charged tracks, the
angle subtended by the EMC shower and the position of the
closest charged track at the EMC must be greater than
10 degrees as measured from the IP. To suppress electronic
noise and showers unrelated to the event, the difference
between the EMC time of a shower and the event start time
is required to be within [0, 700] ns. At least two good
photon candidates are required in each event.
For an event with one soft pion undetected, the number

of charged tracks (π�lþl−) in the event is required to
be three (referred to as a three-track event). The four-
momentum of the missing pion is obtained from four-
momentum conservation and the initial beam kinematics. A
one-constraint (1C) kinematic fit is then applied to each
candidate event, where the mass of the missing particle is
constrained to the pion mass. If there is more than one
combination within an event due to additional photon
candidates, we retain the two photons corresponding to
the minimum χ2 from the 1C kinematic fit. To further
distinguish the radiative photon in eþe− → γradχc1ð3872Þ
and the photon from χc1 decay, an extra constraint is added
to constrain the γlþl− invariant mass to the χc1 mass. The
combination with the minimum χ2 from the 2C kinematic
fit is assigned as the correct combination, and events with
χ22C < 16 are selected.
There are background events from the eþe− →

γISRψð2SÞ → γISRπ
þπ−J=ψ process, together with one fake

photon candidate. To remove such events, we require
EH
γ −EL

γ

EH
γ þEL

γ
< 0.25, where EH

γ and EL
γ are the energies of the

higher- and lower-energy photons in an event, respectively.
This criterion is very effective at rejecting background
while retaining high signal efficiency. To reject γ con-
version (γ → eþe−) background events, where the con-
verted electrons are misidentified as pions, particle
identification (PID) for charged pion, combining measure-
ments of the specific ionization energy loss in the MDC
and the flight time in the TOF to form likelihoods LðhÞ
ðh ¼ p;K; πÞ for each hadron h hypothesis, is performed.
Tracks with momentum less than 0.3 GeV=c must satisfy
LðπÞ > LðeÞ. Background events from the eþe− →
ηJ=ψ → πþπ−π0J=ψ process are effectively vetoed by
requiring Mðγγπþπ−Þ > 0.6 GeV=c2.
For events with both pions detected, the total number of

charged tracks (πþπ−lþl−) must be at least four (referred
to as four-track events), with exactly two oppositely
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charged leptons and at least two oppositely charged
pions. A four-constraint (4C) kinematic fit imposing four-
momentum conservation is performed to each event. If
there is more than one combination due to extra pion or
extra photon candidates, we retain the one with the
minimum χ2 value from the 4C kinematic fit. An extra
constraint is added to constrain γlþl− to the χc1 mass, to
distinguish the photon from the χc1 decay and the radiative
photon associated with χc1ð3872Þ production. The combi-
nation with the minimum χ2 from this 5C kinematic fit is
assigned as the correct one. Events with χ25C < 80 are kept
for further analysis.
There are ψð2SÞ background events coming from

eþe− → πþπ−ψð2SÞ with ψð2SÞ → γχc1=π0π0J=ψ and
eþe− → γISRψð2SÞ=ηψð2SÞ with ψð2SÞ → πþπ−J=ψ .
These background events are effectively vetoed by requir-
ing the recoil mass of the πþπ− system to satisfy
Mrecoilðπþπ−Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPeþe− − Pπþπ−Þ2

p
> 3.704 GeV=c2,

and the invariant mass Mðπþπ−J=ψÞ < 3.660 GeV=c2.
Here Peþe− and Pπþπ− are the four-momenta of the initial
colliding beams and the πþπ− pair, respectively. The
γ-conversion background events are effectively eliminated
by requiring the opening angle of the pion pair to satisfy
cos θπþπ− < 0.98. Background events from the eþe− →
ηJ=ψ → πþπ−π0J=ψ process are rejected by requir-
ing Mðγγπþπ−Þ > 0.59 GeV=c2.
The Mðlþl−Þ mass distribution after performing the

above selections is shown in Fig. 1. To select signal
candidates that contain a J=ψ resonance, we define
½3.05; 3.15� GeV=c2 (for three-track events) and
½3.06; 3.14� GeV=c2 (for four-track events) as the J=ψ
mass windows. The non-J=ψ background contribution
is estimated by the events in the J=ψ mass sideband
regions, which are defined as ½2.90; 3.00� GeV=c2 or
½3.20; 3.30� GeV=c2 (for three-track events) and
½2.94; 3.02� GeV=c2 or ½3.18; 3.26� GeV=c2 (for four-track
events), respectively.
Figure 2 shows the recoil mass distribution of the

radiative photon MrecoilðγradÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPeþe− − PγradÞ2

q
from

the full dataset after imposing the above requirements.
Here Pγrad is the four-momenta of the radiative photon γrad.
The background level is very low, and no obvious
χc1ð3872Þ signal is observed. Possible remaining back-
ground contributions mainly come from the eþe− →
η0J=ψ → πþπ−ηJ=ψ and eþe− → πþπ−ψ2ð3823Þ →
γπþπ−χc1 processes. These background contributions have
been well studied by BESIII [30,31] and can be reliably
simulated, as shown in Fig. 2. According to a study of the
J=ψ mass sideband events and inclusive MC events, the
non-J=ψ background and γISRψð2SÞ contributions are
found to be small and only produce a flat distribution in
the χc1ð3872Þ signal region.

To extract the signal yield, a simultaneous unbinned
maximum likelihood fit is performed to the MrecoilðγradÞ
distributions for the three-track and four-track events, as
shown in Fig. 2. In the simultaneous fit, the ratio between the
three-track and four-track events signal yields is fixed
according to the detection efficiencies. The signal probability
density function in the fit is represented by the MC-
simulated χc1ð3872Þ shape convolved with a Gaussian
function, which accounts for the difference in mass reso-
lution between data and MC simulation. The parameters of
the χc1ð3872Þ resonance in the simulation are taken from
PDG [2], and those of the convolved Gaussian are fixed
according to a study of the eþe− → γISRψð2SÞ →
γISRπ

þπ−J=ψ control sample. The background in the
fit consists of two components. One is the simulated
contribution from the eþe− → η0J=ψ and eþe− →
πþπ−ψ2ð3823Þ processes, which is normalized according
to their measured cross sections [30,31]. The other is a mass-
independent term, which represents the contributions from
the simulated γISRψð2SÞ background events and continuum
background events estimated from J=ψ mass sideband data.
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FIG. 1. The distribution of Mðlþl−Þ for data and MC back-
ground for three-track events (top) and four-track events
(bottom). The dots with error bars are the full data. The blue
histogram represents the MC background, which come from the
contributions of η0J=ψ , πþπ−ψð3823Þ, γISRψ

0 and continue
background. The area between the red solid arrows is the signal
area of J=ψ , and the area between the green dotted arrows is the
sideband area of J=ψ .
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Since no obvious χc1ð3872Þ → πþπ−χc1 signal is
observed in the MrecoilðγradÞ distributions, we estimate
the upper limit (U.L.) for the produced number of
χc1ð3872Þ → πþπ−χc1 yield Nsigðπþπ−χc1Þ after efficiency
correction. Based on the Bayesian method [32], the U.L. at
a 90% confidence level (C.L.) is set to be Nsigðπþπ−χc1Þ <
17.8 by scanning the likelihood curve in the simultaneous
fit with all the additive systematic uncertainties taken
into account. To take into account the multiplicative
systematic uncertainty, the likelihood curve is further
convolved by a Gaussian with a width parameter equal
to the total multiplicative systematic uncertainty, 13.2%

[
Rþ∞
0 LðN0

sigÞe
−
ðNsig−N

0
sig

Þ2

2ð0.132NsigÞ2dN0
sig, whereN

ð0Þ
sig is the signal yield

and LðN0
sigÞ is the likelihood curve]. And the systematic

uncertainties are discussed below. The most conservative
estimate of U.L. after considering all systematic uncertainty
is Nsigðπþπ−χc1Þ < 18.5 at a 90% C.L.

The relative branching ratio R≡ B½χc1ð3872Þ→πþπ−χc1�
B½χc1ð3872Þ→πþπ−J=ψ � is

calculated as

R ¼ Nsigðπþπ−χc1Þϵaveðπþπ−J=ψÞ
Nobsðπþπ−J=ψÞBðχc1 → γJ=ψÞ ; ð1Þ

where Nobsðπþπ−J=ψÞ ¼ 86.3þ10.5
−9.8 is the signal yield of

χc1ð3872Þ → πþπ−J=ψ from the same dataset,
ϵaveðπþπ−J=ψÞ ¼ 0.287 is the weighted average efficiency
of χc1ð3872Þ → πþπ−J=ψ events [5], and Bðχc1 →
γJ=ψÞ ¼ 0.343 is the branching fraction of χc1 → γJ=ψ
[2]. The U.L. for the ratio is determined to be R < 0.18 at
a 90% C.L.
The U.L. for the product of the cross section σ½eþe− →

γχc1ð3872Þ� and the branching fraction B½χc1ð3872Þ →
πþπ−χc1� is calculated as

σ
�
eþe− → γχc1ð3872Þ

�
B
�
χc1ð3872Þ → πþπ−χc1

�

¼ NU:L:

Lintð1þ δÞϵtotB
; ð2Þ

where Lint is the integrated luminosity and (1þ δ) is the
radiative correction factor calculated by the KKMC pro-
gram [26]. The symbol ϵtot is the sum of selection
efficiencies for three-track events and four-track events,
and B≡ Bðχc1 → γJ=ψÞBðJ=ψ → lþl−Þ is a product of
the corresponding branching fractions.NU:L: is the U.L. at a
90% C.L. for the signal yield at each c.m. energy, which
is determined by counting the number of events in the
χc1ð3872Þ signal region ½3.86; 3.88� GeV=c2, due to the
limited statistics. The background has been subtracted,
which is estimated by using the χc1ð3872Þ sidebands
[3.81, 3.84] and ½3.91; 3.94� GeV=c2. The distributions
of MrecoilðγradÞ at each c.m. energy are shown in
Appendix A (Fig. 3). The NU:L: at each c.m. energy is
calculated using a frequentist method with an unbounded
profile likelihood treatment by assuming the numbers of
observed events in the χc1ð3872Þ signal and side-
band regions follow a Poisson distribution [33]. Table I
summarizes the results related to the σ½eþe− →
γχc1ð3872Þ�B½χc1ð3872Þ → πþπ−χc1� measurement.
For the R measurement, many common systematic

uncertainty sources cancel, including those arising from
the luminosity, the lepton reconstruction efficiency, the
kinematic fit, the branching fraction of BðJ=ψ → lþl−Þ,
and the ISR correction factor. The noncanceling systematic
uncertainties consist of multiplicative and additive system-
atic uncertainties. The multiplicative are derived from the
efficiencies for photon detection, pion tracking, PID, the
branching fraction of χc1 → γJ=ψ , the MC decay model,
and those from χc1ð3872Þ → πþπ−J=ψ channel. The un-
certainty for photon detection is 1.0% per photon [34].
Since the efficiency for one photon does not cancel in R,
1.0% is taken as the systematic uncertainty for photon
detection. The pion pair in the search channel of
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FIG. 2. Result of the simultaneous fit to the MrecoilðγradÞ
distributions for three-track events (top) and four-track events
(bottom). The dots with error bars are the full data, the blue solid
curves represent the total fit, the green dash-dotted curves are the
signal contribution, and the blue dotted curves and red dashed
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χc1ð3872Þ → πþπ−χc1 has a relatively low momentum
compared to that of χc1ð3872Þ → πþπ−J=ψ . Thus the
uncertainty of pion tracking does not cancel, and the
uncertainty is estimated to be 1.0% per pion [35]. In the
search channel, PID is applied for the pion candidate in
three-track event selection. The systematic uncertainty is
assigned as 1.0% per pion. The systematic uncertainty
related to the branching fraction Bðχc1 → γJ=ψÞ is taken
from PDG [2]. In the nominal analysis, the χc1ð3872Þ →
πþπ−χc1 signal MC events are generated using a phase-
space model. Assuming the πþπ− system is dominated by a
σð500Þ resonance, we generate alternative signal MC
events for both S-wave and D-wave χc1ð3872Þ decays,
and the maximum difference to the nominal efficiency is
taken as systematic uncertainty from an MC decay model.
The systematic uncertainty from the χc1ð3872Þ →
πþπ−J=ψ channel is quoted from Ref. [5], including
sources related to the pion tracking, signal parametrization,

background shape, and the statistical uncertainty of the
signal yield Nsigðπþπ−J=ψÞ.
Assuming that all of the multiplicative systematics are

independent, the total multiplicative systematic uncertainty
for theR ratio measurement is obtained by adding all these
individual uncertainties in quadrature, resulting in 13.2%,
as shown in Table II.
Other additive uncertainties including backgrounds, the

fit range and the signal shape affect Nsigðπþπ−χc1Þ directly.
The uncertainty due to backgrounds in the χc1ð3872Þ →
πþπ−χc1 channel is investigated by floating the background
contributions from η0J=ψ and πþπ−ψ2ð3823Þ which were
previously fixed based on MC studies. The uncertainty
associated with the fit range is determined by varying the fit
range within �10 MeV. The uncertainty due to the signal
shape is considered by varying the resolution of the
convolved Gaussian within �1σ. The most conservative
Nsigðπþπ−χc1Þ from the combined effects of these additive
sources is taken as the final result.
The systematic uncertainties in the σ½eþe− →

γχc1ð3872Þ�B½χc1ð3872Þ→ πþπ−χc1�measurement include
those from the luminosity, photon detection, tracking
efficiency, PID, J=ψ mass window, kinematic fit, MC
decay model, radiative correction and branching fraction.
The luminosity is measured using large angle Bhabha
events, with an uncertainty of 0.66% [20]. The systematic
uncertainties related to the photon detection, PID, MC
decay model and branching fraction of χc1 → γJ=ψ are the
same as those in the R measurement.
The uncertainty of tracking efficiency for the high-

momentum leptons is 1.0% per track [36]. By requiring

TABLE I. Summary of the integrated luminosities (Lint) of data, the total efficiency of three-track events and four-track events (ϵtot),
the ISR correction factor (1þ δ), the number of observed events, Nobs, the expected number of background events, Nbkg, in the
χc1ð3872Þ signal region for each sample, the obtained 90% C.L. upper limit for the χc1ð3872Þ signal yields, NU:L:, and the product
σ½eþe− → γχc1ð3872Þ�B½χc1ð3872Þ → πþπ−χc1� at each c.m. energy, denoted as ðσBÞU:L:, in picobarns. The multiplicative systematic
uncertainties, denoted Δ in percent, have been taken into account.

ffiffiffi
s

p
(GeV) Lint (pb−1) ϵtot (%) (1þ δ) Nobs Nbkg NU:L: ðσBÞU:L: Δ (%)

4.158 408.2 32.6 0.78 0 0.3 1.8 0.50 5.3
4.178 3194.5 32.3 0.78 2 0.3 5.0 0.18 5.4
4.189 526.7 32.7 0.78 0 0.2 1.8 0.39 5.5
4.199 526.0 32.9 0.79 0 0.2 1.8 0.38 5.5
4.209 517.1 32.3 0.81 0 0.0 2.0 0.43 5.5
4.219 514.6 32.3 0.84 0 0.2 1.8 0.38 5.5
4.226 1056.4 32.8 0.86 0 0.3 1.7 0.17 5.4
4.236 530.3 32.0 0.89 0 0.1 1.9 0.37 5.4
4.244 538.1 31.6 0.92 0 0.1 1.9 0.37 5.4
4.258 828.4 30.9 0.97 0 0.0 2.0 0.25 5.4
4.267 531.1 30.0 1.00 0 0.0 2.0 0.40 5.4
4.278 175.7 28.8 1.05 0 0.0 2.0 1.24 5.6
4.288 502.4 28.3 1.09 0 0.1 1.9 0.43 5.5
4.312 501.1 26.2 1.19 0 0.0 2.0 0.44 5.5
4.338 504.9 23.9 1.30 0 0.0 2.0 0.43 5.5

TABLE II. Summary of the multiplicative systematic uncer-
tainties (in percent) for the R measurement.

Source Three-track Four-track Combined

Photon detection efficiency 1.0 1.0 1.0
Pion tracking efficiency 1.0 2.0 1.6
PID 1.0 � � � 0.5
Bðχc1 → γJ=ψÞ 3.0 3.0 3.0
MC decay model 2.8 2.8 2.8
χc1ð3872Þ → πþπ−J=ψ 12.4

Total 13.2
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at least one pion to be detected, the pion detection
efficiency is very high and the uncertainty is negligible.
The uncertainty of BðJ=ψ → lþl−Þ is 0.6%, quoted from
PDG [2]. The uncertainties caused by the J=ψ mass
window are studied with a control sample of eþe− →
ηJ=ψ events, with η → πþπ−π0, resulting in 0.55% and
0.04% for the three-track events and four-track events,
respectively. A track helix parameter correction method is
applied to the signal MC events [37] in the kinematic
fit. The difference in efficiencies with and without the
correction is assigned as the systematic uncertainty
from the kinematic fit. To estimate the systematic uncer-
tainty from radiative corrections [i.e., due to the uncertainty
of the eþe− → γχc1ð3872Þ cross section line shape [11]],
we sample 300 line shapes using the resonance parameters
(M ¼ 4200.6þ7.9

−13.3 � 3.0 MeV=c2 and Γ ¼ 115þ38
−26 �

12 MeV) within uncertainties, including their correlation,
taken from Ref. [11]. A weight method [38] is used to get
the distribution of ð1þ δÞϵ, and the standard deviation of
ð1þ δÞϵ is estimated as the systematic uncertainty from
radiative correction.
Assuming that all the sources are independent, the total

systematic uncertainty for σ½eþe− → γχc1ð3872Þ�×
B½χc1ð3872Þ → πþπ−χc1�measurement at each c.m. energy
is calculated by adding them in quadrature, as listed in the
last column of Table I. Table III in Appendix B summarizes
the systematic uncertainties for the σ½eþe− →
γχc1ð3872Þ�B½χc1ð3872Þ → πþπ−χc1� measurement.
In summary, with a data sample corresponding to an

integrated luminosity of 10.9 fb−1 collected with the
BESIII detector at c.m. energies ranging from 4.16 to
4.34 GeV, the process eþe− → γχc1ð3872Þ with
χc1ð3872Þ → πþπ−χc1 is studied, and no obvious signal
is found. A 90% C.L. upper limit on the σ½eþe− →
γχc1ð3872Þ�B½χc1ð3872Þ → πþπ−χc1� is set at each c.m.
energy. We also set a limit on the ratio of branching

fractions of R ¼ B½χc1ð3872Þ→πþπ−χc1�
B½χc1ð3872Þ→πþπ−J=ψ � < 0.18 at a 90% con-

fidence level, which is consistent with the measurement
from the Belle Collaboration [39,40]. Considering
B½χc1ð3872Þ→π0χc1�

B½χc1ð3872Þ→πþπ−J=ψ � ¼ 0.88þ0.33
−0.27 � 0.10 [9], the relative

decay width Γ½χc1ð3872Þ→χc1π
0�

Γ½χc1ð3872Þ→χc1π
þπ−� > 5 is determined, which

is 2 orders of magnitude greater than that expected under a
pure charmonium 23P1 assumption for the χc1ð3872Þ [16].
These measurements favor the nonconventional charmo-
nium nature of the χc1ð3872Þ state [17] and help to

constrain the cc̄ core component in the χc1ð3872Þ wave
function [41].
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Appendix A: The distribution of MrecoilðγradÞ at each c.m. energy.
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FIG. 3. The distribution of MrecoilðγradÞ at each c.m. energy from 4.16 to 4.34 GeV. For each c.m. energy, the three-track events and
four-track events are combined together. Black dots with error bars are data, pink histogram is γISRψ 0 MC, blue histogram is η0J=ψ MC,
black histogram is πþπ−ψð3823Þ MC and green histogram is J=ψ sideband. The red dotted line represents the signal region
of χc1ð3872Þ.
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Appendix B: Systematic uncertainty for cross section measurement.
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