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Using 9.9 fb−1 of eþe− collision data collected by the BESIII detector at center-of-mass energies
between 4.15 and 4.30 GeV, we search for the processes eþe− → γXð3872Þ with Xð3872Þ → π0χc0 and

Xð3872Þ → ππχc0. We set upper limits (at 90% C.L.) of BðXð3872Þ→π0χc0Þ
BðXð3872Þ→πþπ−J=ψÞ < 3.6, BðXð3872Þ→πþπ−χc0Þ

BðXð3872Þ→πþπ−J=ψÞ < 0.56,

and BðXð3872Þ→π0π0χc0Þ
BðXð3872Þ→πþπ−J=ψÞ < 1.7. Combined with the BESIII measurement of Xð3872Þ → π0χc1, we also set an

upper limit of BðXð3872Þ→π0χc0Þ
BðXð3872Þ→π0χc1Þ < 4.5.

DOI: 10.1103/PhysRevD.105.072009

I. INTRODUCTION

The Xð3872Þ, discovered by the Belle experiment in
2003 [1], was the first state in the charmonium region that
could not be easily explained by a simple cc̄model. Despite
having quantum numbers JPC ¼ 1þþ [2] and a mass near
the predicted χc1ð2PÞ mass of 3.95 GeV=c2 [3], the state
has several properties that cannot be explained by a pure
charmonium state above open charm threshold. The state is
exceptionally narrow, with a measured width of 0.96þ0.19

−0.18 �
0.21 MeV [4] or 1.39� 0.24� 0.10 MeV [5], depending
on the assumed lineshape. In addition, the state has large
isospin violation effects in its decays, which is clearly
seen in the fact that the decays Xð3872Þ → ρJ=ψ and
Xð3872Þ → ωJ=ψ occur at approximately the same rate.
ManyXð3872Þ decay modes have been observed, including
ρJ=ψ [6], D0D̄�0 [7], γJ=ψ [8], π0χc1 [9] and ωJ=ψ [10].
However the nature of the Xð3872Þ remains unclear. Since
the mass of this state is near D0D̄�0 threshold [11], one
explanation of its exotic properties is that the state has a
D0D̄�0 molecular component.
By searching for new decay modes, we can learn about

the quark configuration of the Xð3872Þ state. The ratios
BðXð3872Þ→π0χc0Þ

BðXð3872Þ→πþπ−J=ψÞ and BðXð3872Þ→π0χc0Þ
BðXð3872Þ→π0χc1Þ are expected to be

sensitive to different physical interpretations of the
Xð3872Þ. Theoretical predictions under the hypothesis of
a pure charmonium state [12], a generic four quark
state [12], a D0D̄0� molecule [13], a DD̄� molecule with
charged and neutral components [14,15], or a combination
of a molecular state and charmonium state [16] are
summarized in Table I. Since BESIII recently measured

BðXð3872Þ→π0χc1Þ
BðXð3872Þ→πþπ−J=ψÞ ¼ 0.88þ0.33

−0.27 � 0.10 [9], we can measure

both of these quantities at BESIII. The Belle Collaboration
has also performed a search for Xð3872Þ → π0χc1, and they

set an upper limit on BðXð3872Þ→π0χc1Þ
BðXð3872Þ→πþπ−J=ψÞ of 0.97 at 90% con-

fidence level [17], which is consistent with the measure-
ment of BESIII [9].
In this paper, we search for the process eþe− →

γXð3872Þ with Xð3872Þ → π0χc0 and the χc0 decaying
hadronically to the final states shown in Table II. These
final states are chosen because they have large branching
fractions and can be reconstructed with a high efficiency. In
addition, we search for the double pion transitions
Xð3872Þ → πþπ−χc0 and Xð3872Þ → π0π0χc0 through
the same hadronic decays of the χc0. Based on a molecular
interpretation for the Xð3872Þ, effective field theory (EFT)

calculations predict that BðXð3872Þ→ππχc0Þ
BðXð3872Þ→π0χc0Þ ≈Oð10−3Þ [15] or

Oð10−5Þ [13], depending on the specific methods used.
We normalize our results to the process eþe− →

γXð3872Þ with Xð3872Þ → πþπ−J=ψ with J=ψ → lþl−,
for l ¼ e or l ¼ μ. This normalization channel is chosen
because it has large statistics and is easy to reconstruct. We

measure the ratio BðXð3872Þ→π0χc0Þ
BðXð3872Þ→π0χc1Þ by using the efficiency and

fit results for Xð3872Þ → π0χc1 from Ref. [9]. In all cases,
the Xð3872Þ is produced through eþe− → γXð3872Þ. Since
this is always the same for the search and normalization
channels, the production cross section cancels in the ratio,
so we can combine datasets from different energy points in
our analysis. The normalizations also cancel several sys-
tematic uncertainties.

TABLE I. Theoretical predictions on BðXð3872Þ→π0χc0Þ
BðXð3872Þ→πþπ−J=ψÞ and

BðXð3872Þ→π0χc0Þ
BðXð3872Þ→π0χc1Þ for different physical interpretations of

the Xð3872Þ state.

Ref. Technique Interpretation
BðXð3872Þ→π0χc0Þ

BðXð3872Þ→πþπ−J=ψÞ
BðXð3872Þ→π0χc0Þ
BðXð3872Þ→π0χc1Þ

[12] Multipole expansion Four-quark/molecule � � � 2.97
[12] Multipole expansion χc1ð2PÞ 0.0 0.0
[13] Effective field theory D0D̄0� � � � 2.84–2.98
[14] Effective field theory D0D̄0� þDþD−� 1.3–2.07 1.65–1.77
[15] Effective field theory D0D̄0� þDþD−� � � � 3.72
[16] Effective field theory D0D̄0� þDþD−� þ χc1ð2PÞ 0.094 1.15
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II. EXPERIMENTAL BACKGROUND

The BESIII experiment, operating at the Beijing Electron
Positron Collider (BEPCII), has measured σðeþe− →
γXð3872ÞÞBðXð3872Þ → πþπ−J=ψÞ for center-of-mass
energies (ECM) between 4.008 and 4.60 GeV and found
that the cross section is the largest for 4.15 < ECM <
4.3 GeV [10]. BESIII has 9.9 fb−1 of data in this energy
region, at the energies shown in Table III. Center-of-mass
energies are measured in Refs. [18,19], while the lumi-
nosities are measured in Refs. [20,21]. This dataset makes it
possible to search for complicated decay modes of the
Xð3872Þ state.
The Beijing Spectrometer (BESIII) detector is described

in detail in Ref. [22]. A superconducting solenoid provides
a 1.0 T magnetic field. Inside the magnet are the multilayer
drift chamber (MDC) for particle tracking, a CsI (Tl)
electromagnetic calorimeter (EMC) to measure the energy
of electromagnetic showers, and a time-of-flight system
(TOF) using plastic scintillators to help with particle
identification. Charged particles with a momentum of
1 GeV=c have a momentum resolution of 0.5%, and the
dE=dx resolution is 6% for electrons from Bhabha scatter-
ing. The EMC measures photons with a resolution of
2.5% (5%) at 1 GeV in the barrel (end cap) region. The time
resolution of the TOF barrel region is 68 ps, while the end
cap has a resolution of 110 ps. The end cap TOF was
upgraded in 2015 with multigap resistive plate chambers,
providing a time resolution of 60 ps [23].
Simulated data samples produced with a GEANT4-based

[24] Monte Carlo (MC) package, which includes the
geometric description of the BESIII detector and the
detector response, are used to determine detection efficien-
cies and to estimate backgrounds. The simulation models
the beam energy spread and initial state radiation (ISR) in
the eþe− annihilations with the generator KKMC [25]. The
inclusive MC simulation sample includes the production of
open charm processes, the ISR production of vector
charmonium(like) states, and the continuum processes
incorporated in KKMC [25]. The known decay modes
are modeled with EVTGEN [26] with the branching fractions
taken from the Particle Data Group (PDG) [11], and the
remaining unknown charmonium decays are modeled with
LUNDCHARM [27]. Final state radiation (FSR) from charged

final state particles is incorporated using the PHOTOS

package [28].
Signal MC samples are generated for the search channels

to estimate the reconstruction efficiency. We assume the E1
transition dominates eþe− → γXð3872Þ, so the angular
distribution is given by 1 − 1

3
cos2 θγ [29], where θγ is

the helicity angle of the photon. The decays of Xð3872Þ →
πþπ−χc0 and Xð3872Þ → π0π0χc0 are generated with a
uniform distribution in phase space. The Xð3872Þ → π0χc0
decay is generated as a P-wave transition. Uniform dis-
tributions in phase space are also used to model both decays
of χc0 → πþπ− and χc0 → KþK−. For the four-body χc0
decays, we include a uniform phase space component as
well as the most common intermediate states through which
the χc0 can decay, with sizes scaled according to the
branching fractions measured in the PDG. This means
for χc0 → πþπ−πþπ− decays we include both χc0 →
πþπ−πþπ− and χc0 → ρ0πþπ−. The intermediate state
included for χc0 → πþπ−KþK− is χc0 → K�

1 ð1270ÞK∓,
and for χc0 → πþπ−π0π0 it is χc0 → ρ�π∓π0. To optimize
the selection criteria, we normalize the size of the
Xð3872Þ → ππχc0 MC sample by setting BðXð3872Þ →
ππχc0Þ ¼ BðXð3872Þ → πþπ−J=ψÞ, while for Xð3872Þ →
π0χc0, we scale the signal MC sample to match the

TABLE II. Hadronic decay modes of the χc0 reconstructed in
this analysis, with branching fractions from Ref. [11].

Decay Branching fraction (%)

χc0 → πþπ− 0.567� 0.022
χc0 → KþK− 0.605� 0.031
χc0 → πþπ−πþπ− 2.34� 0.18
χc0 → πþπ−KþK− 1.81� 0.14
χc0 → πþπ−π0π0 3.3� 0.4

TABLE III. Data with 4.15 < ECM < 4.3 GeV, where the
Xð3872Þ is produced via eþe− → γXð3872Þ. All of these energy
points are used in our nominal fit. The total luminosity is
9.9 fb−1. Only statistical uncertainties are shown. Entries that
do not include a reference are estimated values. The last line of
the table shows the range of luminosity values for 29 different
energy points that each have a much smaller luminosity than the
other data points.

Luminosity (pb−1) ECM (MeV) Year

401.5 4157.83� 0.05 [19] 2019
3189.0 4178 2016
43.09� 0.03 [20] 4188.59� 0.15 [18] 2013
526.70� 2.16 [19] 4189.12� 0.05 [19] 2017
526.60� 2.05 [19] 4199.15� 0.06 [19] 2017
54.55� 0.03 [20] 4207.73� 0.14 [18] 2013
517.10� 1.81 [19] 4209.39� 0.06 [19] 2017
54.13� 0.03 [20] 4217.13� 0.14 [18] 2013
514.60� 1.80 [19] 4218.83� 0.06 [19] 2017
1047.34� 0.14 [20] 4226.26� 0.04 [18] 2013
44.40� 0.03 [20] 4226.26� 0.04 [18] 2013
530.30� 2.39 [19] 4235.77� 0.04 [19] 2017
55.59� 0.04 [20] 4241.66� 0.12 [18] 2013
538.10� 2.69 [19] 4243.97� 0.04 [19] 2017
523.74� 0.10 [20] 4257.97� 0.04 [18] 2013
301.93� 0.08 [20] 4257.97� 0.04 [18] 2013
531.10� 3.13 [19] 4266.81� 0.04 [19] 2017
175.70� 0.97 [19] 4277.78� 0.11 [19] 2017
502.4 4288.43� 0.06 [19] 2019
6.8 to 18.0 [21] 29 energies 2014
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branching fraction ratio predicted by Ref. [12] for a four-

quark state, BðXð3872Þ→π0χc0Þ
BðXð3872Þ→π0χc1Þ ¼ 2.97.

We also generate background MC samples for the
processes eþe− → ωχc0 [30], eþe− → ππψð2SÞ [31],
eþe−→π0ψð2SÞ, eþe−→ηψð2SÞ, and eþe−→γISRψð2SÞ,
since all of these backgrounds could peak at the χc0 when
ψð2SÞ → γχc0. We generate eþe− → π0ψð2SÞ and eþe− →
ηψð2SÞ samples of the same size as eþe− → πþπ−ψð2SÞ to
get a conservative estimation of the size of these back-
grounds. The χc0 decays are the same as in the signal MC
samples, and the other particles are allowed to decay
inclusively.
To ensure that any potential signal is not due to cross

feed from other Xð3872Þ decay channels, we also generate
background MC samples for all known Xð3872Þ decays.
We simulate eþe− → γXð3872Þ, with the Xð3872Þ state
decaying to γJ=ψ , π0χc1, ρ0J=ψ , ωJ=ψ , and D0D̄�0 þ c:c:,
with all particles decaying inclusively. We also simulate
Xð3872Þ → γψð2SÞ using the central value measured by
LHCb [8], even though BESIII sets a more stringent upper
limit on this decay mode.
The inclusive MC sample is used to check for other

possible backgrounds, and no peaking backgrounds are
found in the Xð3872Þ signal region.

III. EVENT SELECTION

All the final state particles are required to be recon-
structed in the detector. Charged tracks detected in the
MDC are required to be within a polar angle (θ) range of
jcos θj < 0.93, where θ is defined with respect to the
z-axis. The distance of closest approach to the interaction
point (IP) must be less than 10 cm along the z-axis, jVzj,
and less than 1 cm in the transverse plane, jVxyj. No particle
identification is used.
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 between the position of each shower in the EMC and
the closest extrapolated charged track must be greater than
10 degrees. 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.
We perform a ð4þ nÞC kinematic fit, where 4 constraints

conserve the total four-momentum and the rest constrain
the masses of the n π0s in the final state. The χ2=DOF,
where DOF is the number of degrees of freedom in the
kinematic fit, is optimized for each final state, and is the
selection criteria that removes the most background. We
reconstruct χc0 candidates between 3.2 and 3.7 GeV=c2 so
we can use χc0 sidebands to estimate the shape and size of
the nonpeaking backgrounds. We fit Xð3872Þ candidates

between 3.75 and 4.0 GeV=c2 after selecting χc0 candi-
dates in a 50 MeV=c2 window centered on the PDG mass
of the χc0 resonance [11]. We only use data in the region
4.15 < ECM < 4.3 GeV for our fits, since that is where the
production cross section is the largest [10].
For the normalization channel, we use the same event

selection as Ref. [9]. We separate electrons and muons
based on the energy deposited in the EMC divided by the
track momentum (E=p). Electrons are required to have
E=p > 0.85, while muons must have E=p < 0.25.
Additionally, we require the kinematic fit has
χ2=DOF < 10. The J=ψ candidate is selected by using a
40 MeV=c2 window in the lþl− invariant mass distribu-
tion centered on the PDG mass of the J=ψ resonance. To
suppress radiative Bhabha events, the opening angle
between the pions is required to satisfy cos θππ < 0.98.
This background is further suppressed by requiring the
angle between any charged track and photon satisfies
cos θγtk < 0.98. There are additional backgrounds from
eþe− → ηJ=ψ and eþe− → η0J=ψ for the normalization
channel, and they are suppressed by requiring
Mðγπþπ−Þ > 0.6 GeV=c2 and jMðγπþπ−Þ −Mðη0Þj >
0.02 GeV=c2, where Mðη0Þ is the PDG mass of the η0

resonance.
In order to refine the selection criteria for the search

channels, we optimize the figure of merit FOM ¼
S

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SþB1þB2

p . The signal S is from a 50 MeV=c2 box centered

on the PDG masses of the Xð3872Þ and χc0 states in the
signal MC samples, scaled according to Ref. [12]. The
background B1 is the estimated number of background
events in the signal region of the Xð3872Þ using χc0
sidebands that are 50 MeV=c2 wide in the χc0 candidate
masses on both the lower and higher mass sides of the χc0
signal region in data and extend from 3.75 to 4.0 GeV=c2

in the Xð3872Þ candidate masses. The background B2 is the
estimated number of peaking χc0 background events, which
is determined using the peaking χc0 background MC
samples, which are scaled according to previous measure-
ments at BESIII [30,31]. A plot showing the signal region
and sideband regions for Xð3872Þ → π0χc0 decays with
χc0 → πþπ− is shown in Figure 1. The data plots in the left
column show that the χc0 sidebands match the background
in the signal region well, and the signal MC plots in the
right column show the selection window includes the
majority of our signal. Note that the upper right plot shows
that part of the signal MC falls in the sideband region. This
χc0 selection window was optimized by maximizing the
FOM, and includes approximately 87% to 90% of events
for most final states. Since there are two χc0 sidebands that
are each five times as wide as the signal region in the
Xð3872Þ invariant mass distribution, this means we scale
the sidebands down by a factor of ten for the FOM
calculation. These wide sidebands in Xð3872Þ candidate
masses are used to increase the data sample size for the
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FOM calculation. For final states that have multiple
possible χc0 combinations, for instance, Xð3872Þ →
π0χc0 with χc0 → πþπ−π0π0, an event is in the signal
region if at least one combination of the πþπ−π0π0
invariant mass is in the signal region, and a sideband event
if at least one combination is in the sidebands and no
combinations fall in the signal region.
In order to use a variable to suppress background, we

require the FOM increases by at least 5%. This is done to
simplify the selection criteria as well as to reduce the
systematic uncertainties. We optimize the χ2=DOF of
the kinematic fit for each χc0 decay mode, which is the
requirement that removes most of the background. In some
cases, the FOM forms a broad plateau for different χ2=DOF
values, so we choose the loosest requirement that gives a
FOM value within 1% of the maximum. By doing this, we
have essentially the same FOM value, but a much larger
reconstruction efficiency. The χ2=DOF requirements for
each final state range from 2.25 to 8.0, and the exact values
are shown in Table IV. We also optimize E=p to separate
pions from electrons and positrons. This criteria is used
for two final states, Xð3872Þ → π0χc0 with χc0 → πþπ−

requires E=p < 0.95, and Xð3872Þ → πþπ−χc0 with χc0 →
πþπ− requires E=p < 0.85. This requirement does not
improve the FOM more than 5% for the other final states.
Several additional variables are investigated to reduce

the background, but none of them increase the FOM
enough to be included. These include a ψð2SÞ veto on
the γχc0 invariant mass, an ω veto on the γπ0 system, and a
veto on D → πK. The background eþe− → γD�D̄ with
D� → γD with D → πþπ0K− and D̄ → Kþπ− gives the
same final state as the search channel Xð3872Þ → π0χc0
with χc0 → πþπ−KþK−, but inclusive MC samples show

FIG. 1. Plots showing the signal and sideband regions in data (left) and signal MC (right) before selection criteria optimization. The
top row shows the χc0 candidate mass projections, where the solid lines denote the signal region and the two sideband regions are the
areas between the solid and dashed lines. The bottom row shows two-dimensional plots of the χc0 candidate masses versus the Xð3872Þ
candidate masses, where the z-axis is the number of events in each bin. The central (solid) box is the signal region, and the long (dashed)
rectangles above and below the χc0 mass are the sidebands used to estimate non-peaking χc0 backgrounds.

TABLE IV. Optimized χ2=DOF values for all three Xð3872Þ
decays.

Decay X → π0χc0 X → πþπ−χc0 X → π0π0χc0

χc0 → πþπ− 4.0 6.0 5.25
χc0 → KþK− 3.75 4.25 2.5
χc0 → πþπ−πþπ− 3.0 8.0 3.75
χc0 → πþπ−KþK− 3.75 6.5 3.75
χc0 → πþπ−π0π0 2.25 3.0 2.5
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this background does not cause any peaking backgrounds
for 4.15 < ECM < 4.3 GeV.
There is a small amount of peaking background at the

Xð3872Þ mass for several decay modes. Only two search
final states have at least one predicted Xð3872Þ background
event. The Xð3872Þ → π0π0χc0 channel with χc0 →
πþπ−KþK− has a background from Xð3872Þ → D�0D̄0

with D�0 → π0D0 and D0 → K−πþπ0 and D̄0 → Kþπ−,
where the charge conjugated mode is also implied. There
will be 1.2� 0.1 events due to Xð3872Þ → D0D̄�0 þ c:c:
for this search channel. The Xð3872Þ → πþπ−χc0 mode
with χc0 → πþπ−π0π0 has a predicted rate of 1.0� 0.1
background events from Xð3872Þ → ωJ=ψ , with ω →
πþπ−π0 and J=ψ → πþπ−π0 decays. Since the background
levels are low, we do not veto them since they give a more
conservative upper limit and it keeps the selection criteria
simple.
After optimizing the selection criteria, there could still be

multiple Xð3872Þ candidates due to the different photon
combinations used to reconstruct the π0 candidates. To
eliminate this double counting, we rank the remaining
combinations by their χ2=DOF of the kinematic fit and
choose the best combination. This leaves at most one
Xð3872Þ combination per event, so there is no double
counting when we fit the Xð3872Þ mass spectrum. We
measure the average number of combinations per event in
the full range of Xð3872Þ and χc0 candidate masses before
selecting the best combination, and find that for all χc0
decays except χc0 → πþπ−KþK− it ranges from 1.0 to 1.2
in both data and signal MC. For the χc0 → πþπ−KþK−

mode, there can be multiple combinations from swapping a
pion and kaon during the reconstruction. In this case, the
average number of combinations before selecting the best
combination varies from 1.5 to 1.8 in data and signal MC
simulation. Signal Monte Carlo studies show that the
correct Xð3872Þ candidate is selected approximately
99% of the time for all final states.

IV. FITTING

The production mechanism for the search and normali-
zation channels are the same, sowe are able to combine data
from different energies in our measurements. Unbinned
extended maximum likelihood fits are performed to the
Xð3872Þ candidate mass spectrum in the region 3.75 to
4.0 GeV=c2 for both the signal and normalization channels.
The Xð3872Þ signal shape for the normalization channel

is well described by a Voigtian function, the convolution of
a Breit-Wigner and a Gaussian function. The measured
Xð3872Þ width of 0.96 MeV from Ref. [4] is used to fix the
internal width of the Breit-Wigner. We fit the signal MC
sample to fix the mass and resolution parameters of the
Gaussian function. This fit is also used to determine the
reconstruction efficiency, which is calculated by integrating
the fit function and dividing by the number of events that

were generated. To combine the efficiencies at different
energy points, we perform a weighted average, where the
weights are the luminosity times cross section for each
ECM. The default cross section used is the σðeþe− →
γXð3872ÞÞ measured in Ref. [10]. The total fit function for
the normalization channel is the sum of the Voigtian signal
function and a first order polynomial function to describe
the background.
Each Xð3872Þ search channel includes five χc0 decay

modes, so we perform a simultaneous fit to all five final
states. The Voigtian signal shapes and the reconstruction
efficiencies are determined using the same method as the
normalization channel. We scale the relative sizes of the sig-
nal yield for each χc0 decay mode. To do so, we use scaling
factors wi ¼ ϵiBiðχc0Þ, where ϵi is the reconstruction effi-
ciency and Biðχc0Þ is the PDG branching fraction for a
specific χc0 decay mode i. Using these scales, we define

Ntot;i ≡ Ni

wi
;

where Ni is the signal yield for a specific χc0 decay mode i.
We then constrain the Ntot;i to be the same for all five χc0
decay modes, so we get a single yield valueNtot from the fit.
The Xð3872Þ search channels all have a background

process with the same final state, including a χc0. For
eþe− → γXð3872Þ with Xð3872Þ → π0χc0, this is eþe− →
ωχc0 with ω → γπ0, and for eþe− → γXð3872Þ with
Xð3872Þ → ππχc0, it is eþe− → ππψð2SÞ, with ψð2SÞ →
γχc0. All of these processes produce an asymmetric back-
ground shape in the Xð3872Þ candidate mass spectrum. To
account for this background, we include a histogram of
these background processes in the fit. The size and shape of
this histogram are fixed based on MC samples that were
generated using previously measured cross sections at
BESIII. The non-χc0 peaking backgrounds are described
using a first order polynomial function for Xð3872Þ →
π0χc0 and second order polynomial functions for
Xð3872Þ → ππχc0. In order to more accurately determine
the shape of the non-χc0 peaking backgrounds, we con-
strain the shape of the background polynomial functions to
be the same in the χc0 signal and sideband regions in data.
To ensure no signal contaminates the sideband fit, we
exclude the Xð3872Þ signal region in the fit to the sideband
regions. We include a floating scale factor between the
polynomial function in the signal and sideband regions.
The total fit functions for the search channels are the sum of
the polynomial function, the peaking χc0 background MC
histogram, and the Voigtian signal function.
To measure the ratio of branching fractions, we use the

formula

BðXð3872Þ → π0χc0Þ
BðXð3872Þ → πþπ−J=ψÞ ¼

Ntot

Bðπ0Þ
ϵππJ=ψBðJ=ψÞ

NππJ=ψ
;
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where NππJ=ψ and ϵππJ=ψ are the number of events and
reconstruction efficiency for Xð3872Þ → πþπ−J=ψ,
respectively. The branching fraction for π0 → γγ is denoted
by Bðπ0Þ, and the branching fraction for J=ψ → lþl−

(l ¼ e or μ) is BðJ=ψÞ, which are taken from the PDG.
Note that the production cross section, ISR correction
factors, and the integrated luminosity are canceled in the
ratio, and the ratio of branching fractions is only sensitive to
the ratio of efficiencies.
To calculate the significance of the signal, we perform a

fit with the signal yield floating, as well as a fit with the
signal yield fixed to zero. We then use the likelihood ratio
test to determine the statistical significance of the fit. The
systematic uncertainty due to the fitting model is deter-
mined using 648 alternative fit models, described in detail
in Sec. V F.

A. Normalization channel

The results of the fit to the normalization channel are
shown in Fig. 2. There is a clear signal for the Xð3872Þ
state. The reconstruction efficiency is 32.5� 0.2%, and the
fit yield is 88.7þ10.4

−9.7 . These are both consistent with
Ref. [9]’s measured efficiency of 32.3% and yield of
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FIG. 2. Fit result to the πþπ−J=ψ mass spectrum with a first
order polynomial function to describe the background (dashed
line) and a Voigtian as a signal function (solid line). There is a
clear signal for the Xð3872Þ state.
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FIG. 3. Simultaneous fit to the π0χc0 mass spectrum for 4.15 < ECM < 4.3 GeV. The points are data in the signal region, the light gray
histogram is the background estimate from χc0 sidebands in data, and the dark gray histogram is the peaking χc0 background estimated
from MC simulated with eþe− → ωχc0. The total background shape is the sum of the eþe− → ωχc0 MC shape plus a first order
polynomial function. The solid lines show the fit with a signal component, while the dashed lines are the background contributions. The
combination of eþe− → ωχc0 contribution and χc0 sidebands describes the size of the backgrounds well.
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84.1þ10.1
−9.4 , where the uncertainties on the yields are just the

statistical uncertainties from the fits. Note this analysis
includes two more data points not included in Ref. [9],
which is why the yield is larger here.

B. Xð3872Þ → π0χ c0
The fit result to the π0χc0 mass spectrum is shown in

Fig. 3. There is no obvious signal for any of the recon-
structed χc0 final states. The four body χc0 decays have
larger background levels than the two body decays, but
input/output checks in Monte Carlo show the average
significance does not change when high background final
states are added. The efficiencies, scaling factors, and
yields for each χc0 decay mode are shown in Table V.
The signal has a total statistical significance of 2.4σ. In
Sec. V F, we perform 648 alternative fits with different
signal and background models. Figure 4 shows that the
significance for all these fit variations is always at least
1.3σ. Figure 4 also shows the range of upper limit values
measured in all the fit variations.

C. Xð3872Þ → π +π − χ c0
The fit result for the πþπ−χc0 mass spectrum is shown in

Fig. 5. There is no evidence of a signal for this decay mode.

The efficiencies, scaling factors, and yields are shown in
Table VI.

D. Xð3872Þ → π0π0χ c0
The fit to the π0π0χc0 mass spectrum is shown in Fig. 6.

There is no evidence for a signal. The efficiencies, scaling
factors, and signal yields for Xð3872Þ → π0π0χc0 are
summarized in Table VII. Note that χc0 → KþK− has a
much smaller efficiency than χc0 → πþπ− in this case
because of the more stringent χ2=DOF requirement shown
in Table IV.

V. SYSTEMATIC UNCERTAINTIES

We include a 1% systematic uncertainty for each photon
and charged track that does not cancel in the ratio of
branching fractions. The remaining systematic uncertain-
ties are discussed below.

A. Kinematic fit

We use the χ2=DOF of the kinematic fit to reduce the
background for all of the search channels. Since there are
no high statistics final states with similar kinematics, we
use the procedure in Ref. [32] to determine this systematic
uncertainty. Reference [32] found that MC simulation has a
significantly narrower χ2 distribution than in data.
Corrections to the track helix parameters of charged
particles are used to improve the agreement of the χ2

distributions between data andMC simulation. We measure
the ratio of the search and normalization channel efficien-
cies before and after these corrections are applied. By
taking the ratio, we properly account for the fact that some
of the kinematic fit uncertainty cancels in the ratio. We take
half the percent difference as the systematic uncertainty due
to the kinematic fit. This results in a systematic uncertainty
between 0.3% and 2.5% for all the final states.

FIG. 4. Left: the distribution of upper limits on BðXð3872Þ→π0χc0Þ
BðXð3872Þ→πþπ−J=ψÞ from 648 alternative fits. Right: distribution of the significance (y-

axis) vs the order of the background polynomial function used (x-axis) for the fit to the π0χc0 mass spectrum. Here we find the first order
polynomial function gives a larger significance than both the second and third order polynomial functions.

TABLE V. Efficiencies, scaling factors, and yields for each
decay mode of the χc0 for Xð3872Þ → π0χc0. The uncertainties on
the yields are statistical only. The scaling factors show the relative
contribution of each Xð3872Þ decay in the simultaneous fit.

Decay Efficiency Scale (wi) Signal yield

χc0 → πþπ− 23.4% 0.00133 5.1� 2.4
χc0 → KþK− 21.6% 0.00131 5.0� 2.3
χc0 → πþπ−πþπ− 13.5% 0.00315 12.1� 5.6
χc0 → πþπ−KþK− 12.9% 0.00233 9.0� 4.1
χc0 → πþπ−π0π0 5.83% 0.00188 7.2� 3.3
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B. Signal MC models

The nominal signal MC simulation includes the decays
of the χc0 into final states both by uniform distributions in
phase space and through the most common intermediate
states. To test how sensitive the kinematics are to the
intermediate states, we generate new signal MC samples in
which the χc0 only decays through the most common
intermediate states. The angular distribution of the photon
in eþe− → γXð3872Þ is modified from the nominal E1
transition to a uniform distribution in phase space. We also
modify the angular distribution of the decay Xð3872Þ →
π0χc0 from a P-wave transition to a uniform distribution

in phase space. There is no variation for the decays
Xð3872Þ → ππχc0, since they are generated with a uniform
distribution in phase space in the nominal signal MC
simulation, which results in Xð3872Þ → π0χc0 having a
larger systematic uncertainty.
These modifications are done for both the search and

normalization channels, so we compare the ratio of effi-
ciencies for the nominal MC and for these variations, and
take the percent difference as a systematic uncertainty.
Normalizing the results to Xð3872Þ → πþπ−J=ψ , the
systematic uncertainties range from 8.0% to 11.0%
for Xð3872Þ → π0χc0 and from 0.3% to 3.7% for
Xð3872Þ → ππχc0. When normalizing Xð3872Þ → π0χc0
to Xð3872Þ → π0χc1, the uncertainty in the simulated
model of the denominator must also be taken into account.
To account for this, we include the uncertainty of 8.1%
from Ref. [9], which is added in quadrature with the total
from Xð3872Þ → π0χc0.

C. χ c0 mass window

We select a 50 MeV=c2 window centered on the χc0
mass when we perform our fits. To test the systematic
uncertainty related to this selection, we fit the χc0 distri-
bution in signal MC simulation using a Voigtian function.
For the initial fit, we fix the intrinsic width of the Voigtian
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FIG. 5. Fit results to the πþπ−χc0 mass spectrum. The points are data in the signal region, the light gray histogram is χc0 sidebands in
data, and the dark gray histogram is the peaking χc0 background estimated from MC simulated with eþe− → πþπ−ψð2SÞ with
ψð2SÞ → γχc0. The black histogram is from Xð3872Þ background MC simulations. The solid lines show the fit with a signal component,
while the dashed lines are the background functions. There is no evidence of a signal for the Xð3872Þ state.

TABLE VI. Efficiencies, scaling factors, and signal yields for
each decay mode of the χc0 for Xð3872Þ → πþπ−χc0. The scaling
factors show the relative contribution of each component of the
simultaneous fit. The uncertainties on the yields are statistical
only.

Decay Efficiency Scale (wi) Signal yield

χc0 → πþπ− 27.7% 0.00157 −0.59� 0.88
χc0 → KþK− 24.9% 0.00150 −0.57� 0.85
χc0 → πþπ−πþπ− 21.0% 0.00492 −1.9� 2.8
χc0 → πþπ−KþK− 17.3% 0.00313 −1.2� 1.8
χc0 → πþπ−π0π0 8.82% 0.00284 −1.1� 1.6
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to be the intrinsic width of the χc0 resonance from the PDG
[11], which is 10.8 MeV. As a variation, we widen the
intrinsic width of the χc0 by its PDG uncertainty of
0.6 MeV, and we also widen the width of the Gaussian
function by 20%. Avariation of 20% was chosen because a
previous analysis of the process eþe− → γηc at BESIII
included a study comparing hadronic final states in MC
simulation and data, and it found the resolutions can differ
by up to 20% [33]. We take the percent difference in the
number of events from the two fits as the systematic
uncertainty. These vary from 1.9% to 6.0%.

D. ECM dependence on the efficiency ratio

The ratio of branching fractions depends on the ratio of

efficiencies ϵðXð3872Þ→π0χc0Þ
ϵðXð3872Þ→πþπ−J=ψÞ. To combine the efficiency

ratio measurements at different energies, we perform a
weighted average, where the weights are the luminosity
times cross section for that energy. The default cross
section we use is the eþe− → γXð3872Þ cross section
measured in Ref. [10]. To probe the systematic uncertainty
due to the ECM dependence of the efficiency ratio, we also
use the cross sections for the process eþe− → πþπ−J=ψ
measured in Ref. [34], and one based on the ψð4160Þ,
which is modeled as a Breit-Wigner function with param-
eters taken from the PDG [11]. We take the largest
deviation from the nominal ratio of efficiencies as the
systematic uncertainty. This systematic uncertainty varies
from 1.6% to 3.1%.

E. Input branching fractions

The branching fractions of the χc0 decays are used to
constrain the relative sizes of the simultaneous fit compo-
nents. The branching fractions for the decays χc0 → πþπ−,
χc0 → KþK−, χc0 → πþπ−πþπ−, and χc0 → πþπ−KþK−

are included in a constrained fit done by the PDG that
included 248 results from previous papers, so the correlated
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FIG. 6. Fit results to the π0π0χc0 mass spectrum. The points are data in the signal region, the light gray histogram is χc0 sidebands in
data, and the dark gray histogram is the peaking χc0 background estimated from MC simulated with eþe− → π0π0ψð2SÞ, with
ψð2SÞ → γχc0. The black histogram is from Xð3872Þ background MC simulations. The solid lines show the fit with a signal component,
while the dashed lines are the background functions. There is no evidence of a signal for the Xð3872Þ state.

TABLE VII. Efficiencies, scaling factors, and signal yields for
each decay mode of the χc0 for Xð3872Þ → π0π0χc0. The
uncertainties on the yields are statistical only. The scaling factors
show the relative contribution of each component of the simulta-
neous fit.

Decay Efficiency Scale (wi) Signal yield

χc0 → πþπ− 11.2% 0.000637 −0.8� 1.3
χc0 → KþK− 6.48% 0.000392 −0.49� 0.79
χc0 → πþπ−πþπ− 5.66% 0.00132 −1.6� 2.7
χc0 → πþπ−KþK− 4.78% 0.000865 −1.1� 1.7
χc0 → πþπ−π0π0 2.31% 0.000744 −0.9� 1.5
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uncertainties between these four branching fractions are
known [11]. To calculate this systematic uncertainty, we
generate new sets of input branching fractions using a
multivariateGaussian function,which uses the knownvalues,
uncertainties, and correlations as input. For each set of
branching fractions, we refit the data with updated fit scales.
This procedure is repeated 5000 times for each Xð3872Þ
decay, and we measure a new value for the ratio of branching
fractions with respect to the decayXð3872Þ → πþπ−J=ψ for
each fit. The resulting distribution of the ratio of branching
fractions is then fit with a Gaussian function. The standard
deviation of the Gaussian distribution divided by the nominal
ratio is the systematic uncertainty, which is 4.7% for
Xð3872Þ → π0χc0, 10.8% for Xð3872Þ → πþπ−χc0, and
14.1% for Xð3872Þ → π0π0χc0 decays.

F. Fit model

The last systematic uncertainty is due to the fit model.
We vary seven parameters: (1) the non-χc0 background is
parameterized with a first, second or third order polyno-
mial; (2) the central value for the Xð3872Þ is taken from
signal Monte Carlo or varied�1 MeV [11]; (3) the internal
width is varied from 0.96 MeV [4] to 1.39 MeV [5];
(4) the resolution of the Gaussian core of the Voigtian is
taken from Monte Carlo or increased by 20% [33];
(5) the fit range is narrowed from ½3.75; 4.0� GeV=c2 to
½3.775; 3.975� GeV=c2; (6) the beam energy is taken as the
nominal measurement or varied �1 MeV [18,19]; (7) the
size of the background Monte Carlo is varied by its
uncertainty σmc, which is determined varying the resonance
parameters in the fits to σðeþe− → ωχc0Þ [30] or σðeþe− →
ππψð2SÞÞ [31] and determining the relative uncertainty on
the number of expected events produced (5.8% for ωχc0,
20% for ππψð2SÞ). This results in a total of 3 · 3 · 2 · 2 ·
2 · 3 · 3 ¼ 648 fit variations. The largest upper limit out of
all of these variations is reported. The list of fit variations is
summarized in Table VIII.

G. Total systematic uncertainties

Several of the systematic uncertainties are correlated
between the different χc0 decay modes. For these

uncertainties, we calculate a weighted average to get the
total systematic uncertainty from that source, using the
efficiency times branching fraction as the weights. This is
done for the tracking, photon, kinematic fit, MC simulation
model, χc0 selection, and ϵ ratio systematic uncertainties.
We summarize the total systematic uncertainty values for
Xð3872Þ → π0χc0 in Table IX, and Xð3872Þ → πþπ−χc0
and Xð3872Þ → π0π0χc0 in Table X. As previously men-
tioned, the fitting uncertainty is included for the upper
limits by using the variation that results in the largest
upper limit.

VI. CALCULATION OF UPPER LIMITS

Our upper limits have to include the statistical uncer-
tainty from both the numerator and denominator of the ratio
BðXð3872Þ→π0χc0Þ

BðXð3872Þ→πþπ−J=ψÞ. To get the total statistical uncertainty

correct, we perform a likelihood scan for the search and
normalization channels. This is done by performing several
hundred fits with the yield fixed to different values and with
the background parameters floating. Once we have both
likelihood distributions, we randomly sample them both to
determine new yield values. These yield values are then

TABLE VIII. List of all the fit variations used in this analysis.
Variations to each of these components are done independently,
so the total number of variations is 3 · 3 · 2 · 2 · 2 · 3 · 3 ¼ 648.

Variation Description Variations

1 Polynomial order 1st, 2nd, 3rd order 3
2 Mass Nominal, and �1 MeV 3
3 Internal width 0.96 MeV, 1.39 MeV 2
4 Resolution Nominal, widen 20% 2
5 Fit range Nominal, 3.775–3.975 GeV 2
6 Beam energy Nominal, �1 MeV 3
7 MC Scale Nominal, �σmc 3

TABLE IX. Total systematic uncertainties for the decay
Xð3872Þ → π0χc0. Here we show the systematic uncertainty
when the branching fraction is normalized to Xð3872Þ →
πþπ−J=ψ as well as Xð3872Þ → π0χc1. This is done because
some of the photon and charged track systematic uncertainties
cancel in the ratio of branching fractions.

Source Rπþπ−J=ψ total Rπ0χc1
total

Tracking 5.1% 3.7%
Photon Efficiency 2.8% 1.3%
χ2=DOF Cut 1.2% 1.2%
Decay Models 9.5% 12.5%
Branching Fractions 4.7% 4.7%
χc0 Selection 3.3% 3.3%
ϵ Ratio 2.6% 2.6%

Total 12.8% 14.5%

TABLE X. Total systematic uncertainties for Xð3872Þ →
πþπ−χc0 and Xð3872Þ → π0π0χc0 modes.

Source Xð3872Þ → πþπ−χc0 Xð3872Þ → π0π0χc0

Tracking 3.7% 5.1%
Photons 0.8% 4.8%
χ2=DOF Cut 0.7% 1.1%
Decay Models 2.3% 1.9%
Bðχc0Þ 10.8% 14.1%
χc0 Selection 2.9% 3.3%
ϵ Ratio 2.3% 2.0%

Total 12.3% 16.4%
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used to calculate a new value for the ratio of branching
fractions. This process is done a million times, and the
resulting distribution gives us the likelihood for the ratio of
branching fractions. To determine the upper limit, we use
the likelihood function that results in the largest upper limit.
We convolve this likelihood function with a Gaussian
function that has a width corresponding to the systematic
uncertainty. The upper limits are calculated by integrating
the resulting curve from 0 up to the point where 90% of the
distribution is below the upper limit. Figure 7 shows the
likelihood curves for the largest upper limit (red histogram)
after including the systematic uncertainties, as well as the
upper limit values (vertical line).
The fit variation that results in the largest upper limit for

Xð3872Þ → π0χc0 is a fit with a first order polynomial

function where the signal function has a mass shifted
þ1 MeV=c2 from the nominal value, an internal width of
1.39 MeV, a resolution increased by 20%, a beam energy
shifted −1 MeV, and the ωχc0 background scale decreased
by 5.8%. For Xð3872Þ → πþπ−χc0, the variation that
results in the largest upper limit is a fit with a second
order polynomial function where the signal function has an
increased resolution by 20%, fit range narrowed by
50 MeV=c2, a beam energy shifted −1 MeV, and the
ππψð2SÞ background scale increased by 20%. For
Xð3872Þ → π0π0χc0, the variation that results in the largest
upper limit is a fit with a third order polynomial function
where the signal function has a mass shifted −1 MeV=c2,
an increased resolution by 20%, and the ππψð2SÞ back-
ground scale increased by 20%.
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FIG. 7. Plots showing the likelihood scans for all four measured ratios of branching fractions. The top left shows BðXð3872Þ→π0χc0Þ
BðXð3872Þ→πþπ−J=ψÞ, top

right shows BðXð3872Þ→π0χc0Þ
BðXð3872Þ→π0χc1Þ, bottom left shows BðXð3872Þ→πþπ−χc0Þ

BðXð3872Þ→πþπ−J=ψÞ and bottom right shows BðXð3872Þ→π0π0χc0Þ
BðXð3872Þ→πþπ−J=ψÞ. The histogram is the

likelihood curve that gives the largest upper limit after convolving by the systematic uncertainty. The dashed line shows the 90% C.L.
upper limit value.
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VII. SUMMARY

In summary, we perform a search for the decays
Xð3872Þ → π0χc0, Xð3872Þ → πþπ−χc0, and Xð3872Þ →
π0π0χc0. The significance for Xð3872Þ → π0χc0 is found to
be at least 1.3σ. Since the fit results are all below 3σ, we set

an upper limit of BðXð3872Þ→π0χc0Þ
BðXð3872Þ→πþπ−J=ψÞ < 3.6 at 90% C.L,

which is a significant improvement over the previous

BESIII upper limit of BðXð3872Þ→π0χc0Þ
BðXð3872Þ→πþπ−J=ψÞ < 19 [9].

Combined with the previous BESIII result [9] of
BðXð3872Þ→π0χc1Þ

BðXð3872Þ→πþπ−J=ψÞ ¼ 0.88þ0.33
−0.27 � 0.10, we set an upper limit

of BðXð3872Þ→π0χc0Þ
BðXð3872Þ→π0χc1Þ < 4.5 at 90% C.L. This upper limit is too

large to rule out any interpretation of the Xð3872Þ state.
We find no significant signals for Xð3872Þ → πþπ−χc0

and Xð3872Þ → π0π0χc0, so we set upper limits of
BðXð3872Þ→πþπ−χc0Þ
BðXð3872Þ→πþπ−J=ψÞ < 0.56, and BðXð3872Þ→π0π0χc0Þ

BðXð3872Þ→πþπ−J=ψÞ < 1.7 at

90% C.L. Both of them are consistent with theoretical
predictions from Ref. [12] that they should be suppressed
regardless of whether the Xð3872Þ is a four-quark or
charmonium state. All of our results are summarized in
Table XI.
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