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Using 448 million ψð2SÞ events, the spin-singlet P-wave charmonium state hcð11P1Þ is studied via the
ψð2SÞ → π0hc decay followed by the hc → γηc transition. The branching fractions are measured to be
BIncðψð2SÞ→ π0hcÞ×BTagðhc → γηcÞ¼ ð4.22þ0.27

−0.26 �0.19Þ×10−4, BIncðψð2SÞ→ π0hcÞ¼ ð7.32�0.34�
0.41Þ×10−4, and BTagðhc → γηcÞ ¼ ð57.66þ3.62

−3.50 � 0.58Þ%, where the uncertainties are statistical and

systematic, respectively. The hcð11P1Þ mass and width are determined to be M ¼ ð3525.32� 0.06�
0.15Þ MeV=c2 and Γ ¼ ð0.78þ0.27

−0.24 � 0.12Þ MeV. Using the center of gravity mass of the three χcJð13PJÞ
mesons [Mðc:o:g:Þ], the 1P hyperfine mass splitting is estimated to be Δhyp ¼ MðhcÞ −Mðc:o:g:Þ ¼
ð0.03� 0.06� 0.15Þ MeV=c2, which is consistent with the expectation that the 1P hyperfine splitting is
zero at the lowest order.

DOI: 10.1103/PhysRevD.106.072007

I. INTRODUCTION

Despite extensive studies of the charmonium system
since its discovery in 1974 [1–4], knowledge of the singlet
state hcð11P1Þ is sparse. Only nine decay modes have been
observed, with the hc → γηc predominant, with a branching
fraction of ð50� 9Þ% [5]. The ψð2SÞ to hcð11P1Þ hadronic
transition is also known with a relatively large uncertainty,
its branching ratio being (8.6� 1.3)×10−4 [5].
Although several measurements of its mass have been

performed by the BESIII [6,7], the CLEO [8], and the E835
[9] collaborations, a better precision is desirable. This
would allow further tests of the hypothesis of zero spin-spin
hyperfine mass splitting relative to the center-of-gravity
mass of the three χcJð13PJÞ states, defined as [10]

Mðc:o:g:Þ ¼ Mðχc0Þ þ 3Mðχc1Þ þ 5Mðχc2Þ
9

;

where the MðχcJÞ are the masses of the χcJð13PJÞ states.
Finally, only one measurement of the hcð11P1Þ width
exists, provided by the BESIII experiment based on
106 million ψð2SÞ events [7]. The dataset used in the
current analysis includes that sample.
A more precise knowledge of the hcð11P1Þ resonance

parameters is also important given the recent discoveries in
the XYZ (charmoniumlike) sector with the hc resonance as
an intermediate state. Indeed, BESIII observed the
Z�
c ð4020Þ decaying to π�hc [11] as well as two resonant

structures in the cross section for eþe− → πþπ−hc [12].
The signal decays of these exotic states all employ the
tagged channel hc → γηc, ηc → hadrons. Thus, decreasing
the uncertainty on the hc branching fractions and resonance
parameters is of the utmost importance.
This article reports an improved determination of the

hcð11P1Þ resonance parameters taking advantage of
ð448.1� 2.9Þ × 106 ψð2SÞ collected by the BESIII detec-
tor in 2009 and 2012 [13]. The mass and width are
extracted by studying the ψð2SÞ → π0hc → ðγγÞðγηcÞ proc-
ess following the same approach as Ref. [6]. In particular,
this study uses the π0 recoil mass distribution to reconstruct
the hcð11P1Þ mass, both inclusively [ψð2SÞ → π0hc] and

by tagging the decay via the electric dipole (E1) transition
photon from hc → γηc. The π0 recoil mass [RMðπ0Þ] is
defined as follows:

RMðπ0Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðEψð2SÞ − Eπ0Þ2 − ðp̄ψð2SÞ − p̄π0Þ2
q

;

where Eπ0 (Eψð2SÞ) and p̄π0 (p̄ψð2SÞ) are the π0 (ψð2SÞ)
energy and the momentum in the reference frame of the
laboratory.
For the rest of this article, the two data samples will be

referred as inclusive and tagged (Inc or Tag as a subscript),
respectively. The choice of using two channels is motivated
by the necessity of measuring the branching fractions
BIncðψð2SÞ → π0hcÞ and BTagðhc → γηcÞ, the uncertainties
of which are still large [5].

II. BESIII DETECTOR AND DATASETS

The BESIII detector [14] records symmetric eþe−
collisions provided by the BEPCII storage ring [15], which
operates in the center-of-mass energy range from 2.0 GeV
to 4.9 GeV. BESIII has collected large data samples in this
energy region [16]. 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 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 counter muon identi-
fication modules interleaved with steel. 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 in the end cap is 110 ps.
Simulated data samples produced with a GEANT4-based

[17] Monte Carlo (MC) package, which includes the
geometric description of the BESIII detector and the
detector response, are used to determine detection
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efficiencies and to estimate backgrounds. The simulation
models the beam energy spread and initial state radiation
(ISR) in the eþe− annihilations with the generator KKMC

[18,19]. The inclusive MC sample consists of the produc-
tion of the ψð2SÞ resonance, the ISR production of the J=ψ ,
and the continuum processes (eþe− → eþe−, eþe− →
hadrons, and eþe− → γγ) incorporated in KKMC. The
known decay modes are modelled with EVTGEN [20,21]
using branching fractions taken from the Particle Data
Group (PDG) [5], and the remaining unknown charmonium
decays are modelled with LUNDCHARM [22,23]. Final state
radiation (FSR) from charged final state particles is
incorporated using the PHOTOS [24] package. In the signal
MC samples, the ψð2SÞ → π0hc decay and the E1 tran-
sition hc → γηc are both generated by EVTGEN.

III. EVENT SELECTION AND ANALYSIS
PROCEDURE

Although charged tracks are not directly used in the
reconstruction, candidate events must have at least two
good tracks to suppress background. Good tracks recon-
structed in the MDC must pass the following fiducial and
production vertex cuts. Only tracks with momenta less than
2.0 GeV=c are considered and they are required to satisfy
j cos θj < 0.93, where θ is the angle between the momen-
tum and beam axis. The distance of closest approach to the
interaction point must be less than 10 cm along the beam
axis, and less than 1 cm in the transverse plane. 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 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. 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°. Finally, to suppress the background contribution from
the continuum processes, such as Bhabha scattering, the
total energy deposit in the EMC (ETot

EMC) is required to
satisfy 0.6 < ETot

EMC < 3.2 GeV. Candidate events are
required to have at least two (three) photon candidates
passing the fiducial and energy cuts for the inclusive (tagged)
channel. Theπ0 candidate is reconstructed via its decay to γγ,
with both photon candidates laying in the barrel
(j cos θj < 0.80) and having an energy ≥ 40 MeV. The
diphoton pair is accepted as a π0 candidate if its invariant
mass satisfies 120 < Mγγ < 145 MeV=c2. Multiple π0 can-
didates are allowed in one event. A one-constraint (1C)
kinematic fit fixing the π0 mass to its knownvalue [5] is used
to improve the energy resolution. Candidates with a fit
χ2 > 200 are rejected. The dominant background for the
inclusive sample comes from combining photons from two

differentπ0s;the shapeof this background is discussed below.
The photon coming from the E1 decay (γTag) is expected
to peak around 500 MeV. Taking into consideration
that Γηc ≈ 30 MeV [5], the E1 photon is required to satisfy
465 < EγTag < 535 MeV and must not form a π0 with any
other photons in the event. In the tagged channel, ifmore than
one π0 is found in the π0 recoil mass signal region
(3.500–3.550 GeV=c2) the π0 with the minimum 1C fit χ2

is kept.
The three main background sources are ψð2SÞ →

J=ψπþπ−, ψð2SÞ → J=ψπ0π0, and ψð2SÞ → γχc0. The first
two are suppressed by requiring all combinations of the
πþπ− (π0π0) recoil mass to be outside the range MJ=ψ �
4 MeV=c2 (MJ=ψ

þ38−8 MeV=c2), where MJ=ψ is the nomi-
nal J=ψ mass [5]. This veto window is optimized based on
the figure of merit S

ffiffiffiffiffiffiffi

SþB
p , where S and B are the numbers

of signal and background events estimated from the MC.
This selection allows to remove ∼76% (∼96%) of the
ψð2SÞ → J=ψπþπ− (ψð2SÞ → J=ψπ0π0) background
events, while cutting less than 5% (1%) of the signal
events. No suppression of the γχc0 decay is needed since
the photon energy is not in the tagged photon energy range,
and thus this decay contributes to the background with a
typical combinatorial shape.
The signal efficiencies, ϵTag¼12.37% and ϵInc¼14.25%,

are estimated for the tagged and inclusive channels,
respectively, based on two signal MC samples of
300000 events each. The signal shape is modeled with a
resolution function (shown in Fig. 1) based on MC. It is a
sum of a Gaussian function and a Crystal Ball function;
both contribute to symmetric smearing while the latter also
includes the low-energy tail due to π0 reconstruction. The
parameters of this resolution function are obtained from a
signal MC dataset where the hcð11P1Þwidth is set to 0. The
convolution of the resolution function and a Breit-Wigner
distribution is used to describe the signal in the final dataset
to extract NInc and NTag (i.e., the number of the inclusive
and tagged events, respectively). Defining Nðψð2SÞÞ as
the total number of ψð2SÞ events, and Bðπ0 → γγÞ as the
branching fraction of the π0 → γγ decay (taken from PDG
[5]), the various branching fractions, B, are obtained as

(i) BIncðψð2SÞ → π0hcÞ × BTagðhc → γηcÞ ¼
NTag

ϵTag×Nðψð2SÞÞ×Bðπ0→γγÞ;

(ii) m BIncðψð2SÞ → π0hcÞ ¼ NInc
ϵInc×Nðψð2SÞÞ×Bðπ0→γγÞ;

(iii) BTagðhc→γηcÞ¼BIncðψð2SÞ→π0hcÞ×BTagðhc→γηcÞ
BIncðψð2SÞ→π0hcÞ ¼NTag×ϵInc

NInc×ϵTag
.

To assess the shape of the irreducible background, a MC
dataset (described in Sec. II) of 400 million inclusive ψð2SÞ
decays with the signal contributions are removed is studied.
This shows that a fifth-order Chebychev polynomial
satisfactorily describes the irreducible background in both
the channels.
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Fits to the distributions of the π0 recoil mass are
performed minimizing the negative log-likelihood on the
inclusive and tagged channels separately. The total prob-
ability function is constructed from a fifth-order Chebychev
polynomial, to describe the background, added to a con-
volution of the resolution function and a Breit-Wigner
distribution for the signal. In the tagged channel, the
parameters of the Chebychev polynomial are allowed to
float, as well as the mass and the width of the hcð11P1Þ
resonance. But for the inclusive channel, the signal shape
parameters are fixed to the values found in the tagged
channel, while the parameters of the Chebychev polyno-
mial are left floating. Input-output tests on MC samples are
used to validate both the model and the fitting procedure;
no bias is found.
The fit results are summarized in Table I. A comparison

between this analysis and the PDG [5] shows compatibility
between the central values with improved precision.
Figure 2 presents the fits for the π0 recoil mass spectra,
RMðπ0Þ, for both the inclusive and tagged channels.
Separate fits to the 2009 and 2012 datasets yield parameters
compatible with each other within 1.0σ. The systematic
uncertainties reported in Table I are described in detail in
the next section.

(a)

(b)

FIG. 1. Signal MC π0 recoil mass [referred as RMðπ0Þ] dis-
tributions for thehcð11P1Þwith itswidth set to 0. The solid blue line
refers to the global fit result, while the black dots with error bars are
theMCsimulation. The blue dashed line represents theCrystal Ball
component,while the red dotted one is theGaussian component. (a)
Shows the resolution function for the inclusive channel, while the
one for the tagged chain is presented in (b).

TABLE I. Results of the fits to the π0 recoiling mass spectra
with statistical (first) and systematic (second) uncertainties. The
last column provides current PDG values.

Variable Value PDG value [5]

MðhcÞ ( MeV=c2) 3525.32� 0.06� 0.15 3525.38� 0.11
ΓðhcÞ (MeV) 0.78þ0.27

−0.24 � 0.12 0.70� 0.28� 0.22
(BESIII [7])

NTagðhcÞ 23118þ1500
−1398 � � �

BInc × BTag (10−4) 4.22þ0.27
−0.26 � 0.19 4.58� 0.64

(BESIII [6])
4.16� 0.48
(CLEO [8])

NIncðhcÞ 46187� 2123 � � �
BInc (10−4) 7.32� 0.34� 0.41 8.40� 1.30� 1.00

(BESIII [6])
9.00� 1.5� 1.3
(CLEO [25])

BTag (%) 57.66þ3.62
−3.50 � 0.58 53� 7� 8

(BESIII [6])
48� 6� 7
(CLEO [8])
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FIG. 2. Fits to the π0 recoil mass spectra for the (a) inclusive
and (b) tagged samples. Red solid lines denote the fit results,
while the black dots with error bars are the data. The blue dashed
lines represent the signal component and the black dashed lines
are the background. Insets show the background-subtracted data
with the signal shape overlaid.
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IV. SYSTEMATIC UNCERTAINTIES

Sources of systematic uncertainties on the measurement
of the hcð11P1Þ resonance parameters and branching
fractions include the background line-shape, the mass
ranges for the veto of J=ψ from ψð2SÞ, the photon energy
calibration and reconstruction efficiency, the π0 recon-
struction efficiency, and the luminosity. The contributions
from each source are shown in Table II. For each meas-
urement, the total systematic uncertainty corresponds to a
quadrature sum of all individual sources, which are dis-
cussed in detail next.
Background line-shape. To determine the systematic

uncertainties associated with the fit function, a fourth-order
Chebychev polynomial is tested to describe the background
behavior in both the inclusive and tagged channels. The
discrepancy with respect to the nominal fit result is taken as
a systematic uncertainty. Assuming that at the π0 recon-
struction level (due to the fact that the ηc is left to decay
inclusively) somebackground eventsmight bemiscounted as
signal, a first-order polynomial is added to the resolution
function, maintaining a fourth-order Chebychev polynomial
to describe the main background contribution. The discrep-
ancy between this method and the nominal one is taken as a
systematic uncertainty and summed in quadrature with the
result from the first variation.
Mass ranges for the veto of J=ψ from ψð2SÞ. Mass veto

ranges for the π0π0 and πþπ− recoiling masses are changed
according to the observed variations of the figure of merit.
Two different scenarios are tested,

(i) for the πþ π−J=ψ background, MJ=ψ � 3 MeV=c2

and MJ=ψ � 5 MeV=c2;
(ii) for the π0 π0J=ψ background, Mþ37

J=ψ −7
MeV=c2

and Mþ39
J=ψ −9

MeV=c2.
In both cases, smaller veto ranges give the largest changes
with respect to the nominal vetoes; these changes are taken
as systematic uncertainties.
Photon reconstruction efficiency. The systematic uncer-

tainties arising from potential inconsistencies of the pho-
ton-energy measurements between data and MC simulation
are obtained from Ref. [7].

Photon energy calibration. The uncertainty due to the
photon energy distribution is obtained from Ref. [7].
Signal shape. This uncertainty includes contributions

from the signal line-shape and the 1-C kinematic fit, and is
estimated in Ref. [7].
π0 reconstruction efficiency. The uncertainty on the

branching fractions due to the π0 reconstruction efficiency
is estimated in Ref. [26].
Number of ψð2SÞ events. This uncertainty is estimated

in Ref. [13], and included in the branching fraction
uncertainties.
Other sources of the possible systematic uncertainties are

studied, but found to be negligible. These include the bin
size, the π0 recoil mass signal region, the trigger efficiency,
the numbers of π0 and charged tracks, the masses and
widths of the ψð2SÞ and ηc, and the sample sizes of the MC
simulations.

V. RESULTS AND SUMMARY

In this article, two decay chains involving the hcð11P1Þ
charmonium state are studied,

(i) inclusive: ψð2SÞ → π0hc with hc → anything,
(ii) tagged: ψð2SÞ → π0hc with hc → γηc.
The measurements of the hcð11P1Þ resonance parameters

and branching fractions are performed with the world’s
largest ψð2SÞ data sample, collected by the BESIII experi-
ment [13]. This work provides the second estimate of the
hcð11P1Þ width, given with a similar uncertainty as a
previous BESIII measurement which used 16 exclusive
decays to reconstruct the ηc state [7]. The novelty provided
by this analysis resides in the increased branching fractions
precision, which is improved between two and three times
with respect to the PDG measurements [5]. Despite the
decreased uncertainties, this work’s branching ratios
remain compatible with both CLEO [8,25] and BESIII
[6] estimates. All the discussed features, summarised in
Table I altogether with the PDG ones [5], are compatible
with the world values [5] within one standard deviation.
Furthermore with the hcð11P1Þ mass estimate of

this work, using current PDG [5] values for the

TABLE II. Summary of the relative systematic uncertainties on the hcð11P1Þ resonance parameters and branching
fractions. The—symbol is used when the systematic sources are found to be negligible or not applicable. For each
measurement, the total systematic uncertainty corresponds to a quadrature sum of all individual contributions.

Source MðhcÞ (10−3) ΓðhcÞ (10−2) BInc × BTag (10−2) BInc (10−2) BTag (10−2)

Background shape 0.02 � � � 0.44 2.86 � � �
J=ψ veto 0.01 9.33 3.17 4.15 � � �
γ reconstruction efficiency � � � � � � 3.00 2.00 1.00
γ energy calibration 0.04 8.97 � � � � � � � � �
Signal shape π0 reconstruction
efficiency

� � � 7.69 � � � � � � � � �
� � � � � � 1.00 1.00 � � �

Number of ψð2SÞ events � � � � � � 0.65 0.65 � � �
Total systematic uncertainty 0.04 15.06 4.55 5.55 1.00
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center-of-gravity mass of the three χcJð13PJÞ states,
Mðc:o:g:Þ, an updated value for the 1P hyperfine mass
splitting (Δhyp ¼ MðhcÞ −Mðc:o:g:Þ) may be obtained.
This value is predicted by QCD to be identical to 0 at
leading-order [10]. No mass splitting is observed with this
measurement,

Δhyp ¼ 0.03� 0.06ðstatÞ � 0.15ðsystÞ MeV=c2:

These results onΔhyp show that, with the foreseen increase in
ψð2SÞ statistics by the BESIII experiment [16], significant
efforts to reduce systematic uncertainties will be necessary.
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