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We present first evidence for the process e+e− → γηc(1S) at six center-of-mass energies between
4.01 and 4.60 GeV using data collected by the BESIII experiment operating at BEPCII. We measure
the Born cross section at each energy using a combination of twelve ηc(1S) decay channels. We
also combine all six energies under various assumptions for the energy-dependence of the cross
section. If the process is assumed to proceed via the Y (4260), we measure a peak Born cross section
σpeak(e+e− → γηc(1S)) = 2.11± 0.49(stat.)± 0.36(syst.) pb with a statistical significance of 4.2σ.

PACS numbers: 13.20.Gd, 14.40.Pq, 14.40.Rt

The Y (4260), first discovered by BaBar in the initial
state radiation (ISR) process e+e− → γISRY (4260) →
γISRπ

+π−J/ψ [1], cannot be easily explained within the
traditional cc̄ picture of charmonium. From its produc-
tion mechanism, we know its spin (J), parity (P ), and
charge-parity (C) quantum numbers are JPC = 1−−.
However, due to its distinct mass, it cannot be identified
with the previously established ψ states in this region [2].
Furthermore, while the ψ(4040), ψ(4160), and ψ(4415)
states are thought to be the n2S+1LJ = 33S1, 23D1, and
43S1 states of charmonium, respectively [3], the Y (4260)
appears to be supernumerary.

One possibility is that the Y (4260) is a hybrid meson
[4, 5]. If so, recent lattice QCD calculations predict that
its rate of decay to γηc(1S) will be enhanced relative to
γχc0(1P ) [6]. This is in stark contrast to the pattern
for conventional ψ states, where, for example, the ψ(2S)
decays to γχc0(1P ) about 30 times more often than to
γηc(1S). Finding evidence for Y (4260)→ γηc(1S) could
thus give additional support to the hybrid interpretation.

In this paper, we search for the process e+e− → γηc
(where ηc always denotes ηc(1S)) using data collected
by the BESIII detector operating at the Beijing Electron
Positron Collider (BEPCII). We use a total integrated
luminosity of 4.6 fb−1 spread among six center-of-mass
energies (ECM): 482 pb−1 at 4.01 GeV, 1092 pb−1 at
4.23 GeV, 826 pb−1 at 4.26 GeV, 540 pb−1 at 4.36 GeV,
1074 pb−1 at 4.42 GeV, and 567 pb−1 at 4.60 GeV [7, 8].

We first measure the Born cross section at each
ECM using the twelve largest decay channels of the ηc:

2(π+π−π0), π+π−π0π0, π+π+π−π−η, K+K−π+π−π0,
2(π+π−), 3(π+π−), π+π−η, K±KSπ

∓π+π−, K±KSπ
∓,

K+K−π0, K+K−π+π−, and K+K−π+π+π−π−. We
then combine the data from the six ECM under four dif-
ferent assumptions about the energy-dependence of the
cross section: (1) σFLAT: the cross section is constant,
consistent with the calculation in Ref. [9]; (2) σBELLE:
the cross section follows the Belle parameterization of
σ(e+e− → π+π−J/ψ) found in Ref. [10], modeled with
a Y (4008) in addition to the Y (4260); (3) σY(4260): the
cross section follows a non-relativistic Breit-Wigner dis-
tribution for the Y (4260) with mass and width val-
ues from the Particle Data Group (PDG) [2]; and
(4) σY(4360): the cross section follows a non-relativistic
Breit-Wigner distribution for the Y (4360) with mass and
width values from the PDG. Combining the data samples
in this way allows us to search for e+e− → γηc using a
larger sample of events and allows us to compare the
Y (4260) hypothesis (σY(4260)) to other hypotheses.

The BEPCII e+e− storage ring is designed to have a
peak luminosity of 1033 cm−2s−1 at a beam energy of
1.89 GeV [11]. The BESIII detector is a general pur-
pose hadron detector built around the collision point at
BEPCII [12]. Charged particles are detected in the main
drift chamber (MDC) and are bent by an on-axis 1 Tesla
solenoidal magnetic field, yielding a momentum resolu-
tion of 0.5% at 1 GeV/c. Time-of-flight (TOF) scintilla-
tion counters are placed around the MDC and provide a
timing resolution of 80 ps in the barrel and 110 ps in the
end caps. Photons are detected by the Electromagnetic
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Calorimeter (EMC) surrounding the TOF. The photon
energy resolution at 1 GeV is 2.5% in the barrel and 5%
in the end caps. The geometric acceptance is 93% of 4π.

The response of the BESIII detector is modeled us-
ing Monte Carlo (MC) simulation software based on
geant4 [13]. To study signal efficiencies, mass resolu-
tions, cross-feeds among ηc decay channels, and effects
due to ISR, a series of MC data samples were gener-
ated according to the signal process e+e− → γηc, where
the ηc subsequently decays to the twelve channels listed
above. ISR effects are modeled using kkmc [14, 15].
The production of γηc and the subsequent decays of
the ηc are handled by evtgen [16, 17] using kinemat-
ics following phase space distributions. To study back-
ground processes, we generate large samples of generic
qq̄ events as well as samples corresponding to the ISR
process e+e− → γISRJ/ψ, where the J/ψ either decays
to the same twelve modes as the ηc or decays to γηc.

We reconstruct events of the form γXi, where the γ is
referred to as the “transition photon” and the Xi are the
twelve different combinations of hadrons corresponding
to the ηc decay channels listed above. The criteria used to
select events have been optimized using both MC samples
and sidebands of the ηc from data.

Charged pions and kaons are reconstructed using infor-
mation from the MDC. Their angle with respect to the
beam direction, θ, must satisfy |cos θ| < 0.93. Except
for pions originating from KS decays, all charged tracks
are further required to pass within 10 cm of the interac-
tion point along the beam direction and within 1 cm in
a plane perpendicular to the beam. Pions (except those
from KS decays) and kaons are separated using a combi-
nation of ionization energy loss in the MDC and timing
information from the TOF. For each reconstructed track,
particle identification probabilities Pπ and PK are calcu-
lated based on pion and kaon hypotheses, respectively.
For pions, we require Pπ > 10−5; for kaons, we require
PK > 10−5 and PK > Pπ.

Photons are reconstructed in the EMC by clustering
energies deposited in individual crystals. Energy clus-
ters in the barrel region (| cos θ| < 0.8) must be greater
than 25 MeV and they must be greater than 50 MeV
in the end cap region (0.86 < | cos θ| < 0.92). Timing
from the EMC is used to suppress electronic noise and
background from unrelated events. We reject candidate
transition photons that can be paired with any other en-
ergy cluster in an event to form a π0. In the π+π−η
channel, the candidate transition photon is isolated from
clusters formed by charged tracks by requiring their angle
of separation be greater than 17.5◦.

We form π0 and η candidates using combinations
of two photons with invariant mass satisfying 107 <
M(γγ) < 163 MeV/c2 and 400 < M(γγ) < 700 MeV/c2,
respectively. Similarly, KS candidates are formed using
two oppositely charged tracks, assumed to be pions, sat-
isfying 471 < M(π+π−) < 524 MeV/c2.

From these initial lists of γ, π±, K±, π0, η, and KS , we
form all possible combinations of γXi for each i. We per-
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FIG. 1. The recoil-mass distribution of the transition pho-
ton summed over all ηc decay channels. Results from the
simultaneous fits are overlaid. In (a-c) the fits are performed
separately at each energy; in (d) the data are combined and fit
with the σY(4260) hypothesis. Pull distributions are shown be-
low each plot. Dotted, dashed, and dot-dashed vertical lines
indicate the ηc, J/ψ, and χc0(1P ) masses, respectively.

form a kinematic fit for each of these combinations to the
initial four-momentum of the center-of-mass system (4C)
and add one constraint (1C) for the mass of every π0, η,
and KS candidate. We require that the resulting χ2 per
degree of freedom (dof) be less than a value optimized
separately for each Xi, ranging from 3.0 to 5.2. To avoid
multiple counting, we only use the combination with the
best χ2/dof. Final reconstruction efficiencies range from
4% (ηc → 2(π+π−π0)) to 35% (ηc → 2(π+π−)).

To determine the Born cross section at each ECM, we
use an unbinned maximum likelihood method to simul-
taneously fit the recoil-mass distributions of the transi-
tion photon associated with the twelve final states γXi.
The total fit projections from three of the six ECM are
shown in Fig. 1(a-c). The ηc signal is described by a non-
relativistic Breit-Wigner function with mass and width
fixed to their PDG values. The Breit-Wigner function
is then convolved with a histogram derived from MC
describing detector resolution and effects due to ISR.
The Born cross section, σ(e+e− → γηc), is a shared
free parameter that accounts for ηc decay branching frac-
tions, reconstruction efficiencies, corrections due to ISR
effects [18, 19] (evaluated using the σY(4260) assumption),
vacuum polarization [20], and integrated luminosity.

The major backgrounds are from the continuum qq̄
process and the J/ψ ISR process, e+e− → γISRJ/ψ,
where the J/ψ decays to the same channels as the ηc.
The potential background where the J/ψ decays to γηc
has been found to be negligible. The continuum back-
ground is described independently in each decay channel
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FIG. 2. (a) The cross section for e+e− → γISRJ/ψ (points)
compared to the theoretical calculation (line) [18, 21].
(b) The Born cross section for e+e− → γηc measured at each
ECM (points) and measured using the sum of all the data un-
der various assumptions about the energy-dependence of the
cross section (broken lines). The innermost tick marks are due
to the statistical uncertainty, the intermediate tick marks in-
clude systematic uncertainties uncorrelated in energy (see Ta-
ble III), and the outermost tick marks are the total uncertain-
ties. The predicted cross sections for e+e− → ψ(4040)→ γηc
and e+e− → ψ(4415)→ γηc [3] are shown as solid lines.

using a second order polynomial function. The peak-
ing J/ψ ISR background is parameterized by a double
Gaussian function whose parameters are fixed using MC
studies. The size of the J/ψ ISR background is allowed
to float independently in each decay channel.

Since the J/ψ ISR cross section, σ(e+e− → γISRJ/ψ),
can be accurately calculated using a combination of the
ISR rate [18] and σ(e+e− → J/ψ) [21], this process serves
as an important cross-check to the ηc analysis. When we
perform a simultaneous fit that constrains the size of the
J/ψ ISR background among the Xi using known J/ψ de-
cay branching fractions, we obtain the results shown in
Fig. 2(a). There is good agreement between the measure-
ments and the theoretical predictions. We also obtain
good agreement with the average J/ψ cross section when
the size of the J/ψ ISR background is not constrained
among the Xi, although with less precision.

Our final measurements of σ(e+e− → γηc) are listed in
Table I and are shown as the points in Fig. 2(b). These
use the σY(4260) assumption for the calculation of effects
due to ISR. The other assumptions are also used and the

differences range from 1% to 6%, which are included in
the systematic uncertainties. Significances of the ηc sig-
nal are obtained by comparing the likelihoods of fits with
and without the ηc signal. The largest significance (3.0σ)
is found at ECM = 4.26 GeV. Upper limits of the Born
cross section (at 90% confidence level) are calculated by
first convolving the likelihood function with a Gaussian
function whose width corresponds to the total system-
atic uncertainty, then integrating the resulting likelihood
function up to the value that includes 90% of the integral.

TABLE I. Measurements of the Born cross section σ(e+e− →
γηc) (where the first uncertainty is statistical and the second
is systematic), statistical significance (sig.), and 90% confi-
dence level upper limits (U.L.) at each ECM.

ECM (GeV) σ(e+e− → γηc) (pb) sig. (σ) U.L. (pb)
4.01 0.44 ± 1.02 ± 0.32 0.4 2.4
4.23 1.34 ± 0.59 ± 0.22 2.2 2.2
4.26 2.17 ± 0.70 ± 0.39 3.0 3.2
4.36 2.03 ± 0.77 ± 0.40 2.7 3.2
4.42 0.71 ± 0.48 ± 0.33 1.4 1.6
4.60 0.23 ± 0.53 ± 0.35 0.4 1.4

TABLE II. Measurements of the peak Born cross section
σpeak(e+e− → γηc) under various assumptions for the energy-
dependence of the cross section.

assumption σpeak(e+e− → γηc) (pb) sig. (σ) U.L. (pb)
σFLAT 1.16 ± 0.27 ± 0.20 4.1 1.6
σBELLE 2.27 ± 0.49 ± 0.39 4.5 3.1
σY(4260) 2.11 ± 0.49 ± 0.36 4.2 2.9
σY(4360) 2.72 ± 0.71 ± 0.46 3.6 3.9

We next combine all six energies under various assump-
tions for the energy-dependence of the cross section. In
this case, we perform a simultaneous fit to the 6 × 12
recoil-mass distributions of the transition photon. At
each energy, the γηc cross section is constrained to be
the same, as before. But between the different energies,
the cross section is now constrained to follow the σFLAT,
σBELLE, σY(4260), or σY(4360) cross section assumptions.
Table II lists the final peak cross sections using this
method, where the peak is measured at 4.26 GeV for
the σY(4260) and σBELLE assumptions, and at 4.36 GeV
for σY(4360). The statistical significances of the ηc signal
and the upper limits on the Born cross sections are deter-
mined as before. The lines in Fig. 2(b) show the resulting
cross sections as a function of energy. The statistical sig-
nificance of the γηc process is at least 3.6σ, regardless of
our input cross section assumption.

While we find evidence for e+e− → γηc in our com-
bined fits, we are unable to distinguish between the dif-
ferent assumptions for the energy dependence of the cross
section. To test the significance of the σY(4260) shape, we
compare the likelihood value of a fit assuming a combi-
nation of σY(4260) and σFLAT (where the sizes of both
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components are free parameters in the fit) to that of the
fit assuming σFLAT. In this test, we find the significance
of the σY(4260) component to be only 1.5σ. With the
present data sets, we also cannot rule out contributions
from the σY(4360) hypothesis.

If we assume the energy-dependence of the cross sec-
tion follows the ψ(4040), ψ(4140), or ψ(4415) shapes indi-
vidually, the significance of e+e− → γηc is 1.9σ, 3.5σ, or
1.9σ, respectively. Partial widths for e+e− → ψ(4040)→
γηc and e+e− → ψ(4415)→ γηc are calculable using the
models discussed in [3]. These processes are shown as the
solid lines in Fig. 2(b).

Estimates of the systematic uncertainty on the cross
section measurements, discussed individually below, are
summarized in Table III. The total systematic uncer-
tainty is obtained by adding the individual systematic
uncertainties in quadrature.

TABLE III. Systematic errors (in percent) on the cross sec-
tion measured at each ECM and for all ECM combined (All).
Errors with an asterisks (*) are correlated among ECM.

ECM (GeV) 4.01 4.23 4.26 4.36 4.42 4.60 All
* B(ηc → Xi) 41 9 12 11 18 38 7

* Mass resolution 43 6 8 6 17 42 10
* ηc mass and width 10 1 2 3 3 3 1
e+e− beam energy 7 1 1 2 1 3 1

* ηc lineshape 4 7 1 5 30 31 3
* Tracking efficiency 16 7 9 9 8 12 8
* Photon efficiency 2 3 4 3 4 4 3

* KS efficiency 2 1 2 1 1 3 4
* Kinematic fitting 5 1 1 3 2 2 2
Background Shape 29 4 2 7 23 123 5

J/ψ peak 20 4 1 1 7 62 2
σE assumption 2 2 3 5 3 6

Luminosity 1 1 1 1 1 1 1
Total 73 16 18 20 47 153 17

One of the largest systematic uncertainties comes from
uncertainty in the branching fractions of the ηc decays.
We estimate this uncertainty by performing many trials
of our simultaneous fitting procedure using different in-
put ηc branching fractions, which are randomly generated
according to their uncertainties. When available, we use
the branching fractions measured by BESIII in Ref. [22].
Since those measurements were performed by taking the
ratio of B(ψ(2S) → π0hc(1P )) × B(hc(1P ) → γηc) ×
B(ηc → Xi)) with B(ψ′ → π0hc(1P ))×B(hc(1P )→ γηc),
we account for correlated errors by first randomly varying
the denominator (the double product), then varying the
numerator (the triple product) for each Xi, and derive
ηc branching fractions using the common denominator.
The RMS of the resulting e+e− → γηc cross sections
are taken as the systematic uncertainty. Note that the
ηc branching fraction measurements include systematic
uncertainties due to the substructure in ηc decays.

In our baseline fits to the recoil-mass distribution of
the transition photon, we use a resolution derived from
MC for both the ηc signal and the J/ψ ISR background.

By studying the J/ψ ISR peak in its largest decay chan-
nels, we have found the resolution in data is wider than
that in MC by up to 20%. We estimate the systematic
uncertainty that this introduces by repeating the fits with
a resolution widened by a factor of 1.2.

To estimate the uncertainty caused by fixing the ηc
mass and width to their PDG averages, we vary them by
±1σ, repeat the fits, and take the largest difference as a
systematic uncertainty. Our nominal values of the ECM

are taken from Ref. [8], but an uncertainty in the ECM

can cause a 0.75 MeV/c2 shift in the apparent mass of
the ηc. We also vary the input ηc mass by ±0.75 MeV/c2

to account for this possibility.
To account for a possible distortion in the ηc signal

shape due to the photon energy-dependence of electro-
magnetic transitions [23, 24], we repeat the fit using the
ηc signal shape developed in Ref. [24].

We assign an uncertainty of 2% per charged pion and
kaon to account for uncertainty in the track reconstruc-
tion efficiency (including particle ID) [25, 26]. The error
due to uncertainty in photon reconstruction efficiencies
is 1% per photon (including photons from π0 and η) [27].
The total error attributed to the KS reconstruction ef-
ficiency (arising from a combination of geometric accep-
tance, tracking efficiency, and selection efficiency) is 4%
per KS [28]. We vary the efficiency in each ηc channel by
its positive and negative extremes, refit data, and take
the largest difference with respect to the nominal mea-
surement as the systematic uncertainty.

Uncertainties in the kinematic fitting efficiencies are
evaluated following the method in Ref. [29].

To judge our sensitivity to the background shape, we
try a third order polynomial function in place of the sec-
ond order polynomial function used in the baseline fits.
We take the difference as a systematic uncertainty.

In the baseline fits, the size of the J/ψ peak is al-
lowed to float independently in each channel. We also fix
the relative size of the J/ψ peak among channels using
known J/ψ branching fractions and take the difference
as a systematic uncertainty.

In summary, we search for the process e+e− → γηc at
six ECM between 4.01 and 4.60 GeV using 4.6 fb−1 of
data collected by BESIII. The significance is consistently
above 3σ when we combine data sets according to the four
assumptions listed above. We note that the cross section
is better explained by σY(4260) than by conventional char-
monium states: ψ(4040), ψ(4160), and ψ(4415).

If we assume e+e− → γηc proceeds through a Y (4260),
we measure σpeak(e+e− → γηc) = 2.11 ± 0.49(stat.) ±
0.36(syst.) pb. Combining this with a previous BE-
SIII measurement of σ(e+e− → π+π−J/ψ) [30] at
4.26 GeV, we estimate B(Y (4260)→ γηc)/B(Y (4260)→
π+π−J/ψ) = 0.034±0.009, where the statistical and sys-
tematic uncertainties have been combined.

In an alternate fit to the data shown in Fig. 1, ex-
cept using only the 2(π+π−) decay channel, we include
a χc0(1P ) component that is also assumed to follow the
σY(4260) hypothesis. We find σpeak(e+e− → γχc0(1P )) <
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4.6 pb, which, after combining uncertainties, leads to the
ratio σpeak(e+e− → γχc0(1P ))/σpeak(e+e− → γηc) <
2.8. Although we are unable to unambiguously deter-
mine the production mechanism of γηc, the enhancement
in e+e− → γηc between 4.23 and 4.36 GeV may suggest
production via a hybrid charmonium state.
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