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Using ð27.12� 0.14Þ × 108 ψð3686Þ decays and data samples of eþe− collisions with
ffiffiffi

s
p

from 4.130 to
4.780 GeV collected with the BESIII detector, we report the first observation of the electromagnetic Dalitz
transition hc → eþe−ηc with a statistical significance of 5.4σ. We measure the ratio of the branching

fractions Bðhc→eþe−ηcÞ
Bðhc→γηcÞ separately for the hc samples produced via ψð3686Þ → π0hc and eþe− → πþπ−hc.

The average ratio is determined to be ð0.59� 0.10ðstatÞ � 0.04ðsystÞÞ%, where the uncertainty includes
both statistical and systematic components.
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The charmonium system, composed of a charm quark
bound to an anticharm quark (cc̄), has played an important
role in our understanding of the fundamental theory of the
strong interactions between quarks and gluons, quantum
chromodynamics (QCD). In the last decade, the electro-
magnetic (EM) Dalitz decays of charmonia, due to their
crucial role as a ideal avenue for probing the intrinsic
structure of charmonia and unraveling the fundamental
mechanisms underlying the interactions between photons
and hadrons [1,2], have captured significant interest both
experimentally and theoretically [3]. All charmonium states
below the open-charm DD̄ threshold have been observed
experimentally and are well described by potential models
[4]. However, our knowledge of the P-wave singlet
charmonium state, the hcð1P1Þ, is sparse compared to other
charmonium resonances. Its best-measured decay mode is
the radiative transition hc → γηc, whose branching fraction
is about 60%, while the sum of all other known hc decay
branching fractions is less than 3% [5]. Therefore, there is
still much to be learned about the decays of this state.
Searching for new hc decay modes is important to

constrain theoretical models in the charmonium region
[4]. In particular, electromagnetic (EM) Dalitz decays, such
as hc → eþe−ηc in which a virtual photon internally
converts into an eþe− pair, play an important role in
revealing the structure of hadrons and their interactions
with photons [2]. The first observation of the Dalitz decay
of hc, attributed to the emergence of electromagnetic struc-
ture at the hc − ηc transition vertex, offers a favorable

opportunity for exploring its transition form factors in the
next-generation experiment.
Due to the absence of allowed E1 (electric dipole) orM1

(magnetic dipole) radiative transitions from the ψð3686Þ,
the production of the hc proceeds through the isospin-
violating decay ψð3686Þ → π0hc and is therefore highly
suppressed. However, in eþe− machines, the hc can also be
produced in the process eþe− → πþπ−hc, which is found to
have a comparable production rate with that of ψð3686Þ →
π0hc [6]. In this case, the large data samples of eþe−
annihilations collected with the BESIII detector offer an
excellent opportunity to explore the EM Dalitz decays of
the hc using a combination of hc samples produced in both
the processes ψð3686Þ → π0hc and eþe− → πþπ−hc.
In this paper, we report the first observation of the

charmonium EM Dalitz decay hc → eþe−ηc via the proc-
esses ψð3686Þ → π0hc (Mode I) and eþe− → πþπ−hc
(Mode II). For Mode I, we use a sample of ð27.12�
0.14Þ × 108 ψð3686Þ events [7]. For Mode II, we use eþe−

collision data samples taken at center-of-mass energies
4.130, 4.160, 4.210, 4.230, 4.237, 4.246, 4.260, 4.270,
4.280, 4.290, 4.315, 4.340, 4.360, 4.380, 4.400, 4.420,
4.440, 4.740 and 4.780 GeV (called “XYZ data” hereafter),
corresponding to a total integrated luminosity of
10507.44 pb−1 [8–11]. The measurement of the ratio
Bðhc→eþe−ηcÞ
Bðhc→γηcÞ is also presented for the first time, where ηc

is not reconstructed to improve efficiency, and the recoil
system is employed for the investigation of both the ηc and
hc, following the same approach as the previous BESIII and
CLEO experiments [12–15]. The advantage of comparing
these two hc decay channels is that parts of the systematic
uncertainties due to tracking, particle identification (PID),
the branching fraction of ψð3686Þ → π0hc, the cross
section of eþe− → πþπ−hc, and the number of ψð3686Þ
events cancel in the ratio.
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The design and performance of the BESIII detector is
described in detail in Refs. [16,17]. Simulated samples
including the inclusive and exclusive ones produced with
the GEANT4-based [18] Monte Carlo (MC) package, which
includes the geometric description of the BESIII detector
and the detector response, are used to determine the
detection efficiency and to estimate the backgrounds.
The productions of the hc resonance from ψð3686Þ →
π0hc and eþe− → πþπ− are simulated by HELAMP and
PHSP model, respectively, both of them from the MC event
generator EVTGEN [19,20]. The E1 transition hc → γηc is
modeled with EVTGEN [19,20], with an angular distribution
of 1þ cos2 θ in the hc rest frame, while the EM Dalitz
decay hc → eþe−ηc is simulated by a new generator as
described in the Supplemental Material [20]. The known
decay modes of the ηc resonance are generated by EVTGEN

[19,20] with branching fractions set to the world average
values [5], and by LUNDCHARM [21] for the remaining
unknown decays.
For both Mode I and Mode II, candidate charged tracks

and EM showers are required to satisfy the following
common selection criteria. (i) Charged tracks are recon-
structed using the tracking information from the main drift
chamber (MDC). The distance of the closest approach of
every charged track to the eþe− interaction point is required
to be within �10 cm along the beam direction and within
1 cm in the plane perpendicular to the beam direction. The
polar angle θ between the direction of a charged track and
that of the beam must satisfy jcos θj < 0.93 for an effective
measurement in the active volume of the MDC. The
combined information of the specific ionization energy
loss (dE=dx) in the MDC and the time of flight (TOF) in the
TOF system is used to calculate PID confidence levels
(CLs) for the electron, pion and kaon hypotheses. The
particle type with the highest PID CL is assigned to each
track. (ii) EM showers are reconstructed from clusters of
deposited energy in the electromagnetic calorimeter
(EMC). The shower energies of photon candidates in the
EMC must be greater than 25 MeV in the barrel region
(jcos θj < 0.80) or greater than 50 MeV in the end cap
regions (0.86 < jcos θj < 0.92). Showers located in the
transition regions between the barrel and the end cap
regions are excluded. To avoid showers caused by charged
particles, a photon candidate has to be separated by at least
10° from any charged track, as specified by the BESIII
detector optimization for photon initial selection [22–27].
In order to suppress electronic noise and energy depositions
that are unrelated to the event, the EMC time t of the photon
candidates must be in coincidence with collision events
within the range 0 ≤ t ≤ 700 ns.
For Mode I, pairs of photons are accepted as π0

candidates in ψð3686Þ → π0hc if their reconstructed invari-
ant mass satisfies Mγγ ∈ ½120; 145� MeV=c2. To improve
the signal-to-noise ratio, photons related to π0 candidates
have to be detected in the barrel EMC region with an

energy greater than 40 MeV. To reject background, a one-
constraint (1C) kinematic fit is performed to the photon
pairs, constraining their invariant mass to the nominal π0

mass Mπ0 [5], and the best π0 candidate is chosen based
on the smallest χ21C value. Background events from
ψð3686Þ → πþπ−J=ψ and ψð3686Þ → γγJ=ψ are sup-
pressed by requiring the recoil mass of each πþπ− (γγ)
pair in an event to be outside the range of MJ=ψ �
7 MeV=c2 (MJ=ψ � 30 MeV=c2), where MJ=ψ is the
nominal J=ψ mass [5].
For the decay hc → γηc, the dominant background for

the E1 photon is from π0 decay. To suppress this back-
ground, we combine the E1 photon candidate with all other
photons in the event and reject the event if any combination
has an invariant mass within 15 MeV=c2 of the nominal
π0 mass.
For the decay hc → eþe−ηc, candidates are required to

have at least two charged tracks identified as an electron
and a positron. An additional criterion 0.5 < E=p < 1.2 is
applied to the track with higher momentum in the eþe− pair
to further improve the electron identification, where E and
p refer to the energy deposition in the EMC and the
momentum measured with the MDC, respectively.
In order to suppress background from π0 → γeþe− in the

ψð3686Þ → π0hc; hc → eþe−ηc decay, the invariant mass
of eþe−γ0 is required to be outside the range of
Mπ0 � 15 MeV=c2, where γ0 is either photon from the
π0 candidate. To remove the background from hc → γηc,
where the photon subsequently converts into an eþe− pair
in the beam pipe or in the inner wall of the MDC, a photon
conversion (PC) finder [28] is applied to all eþe− pairs. The
PC point is reconstructed using the two charged trajectories
in the x–y plane, which is perpendicular to the beam line.
The PC length δxy is defined as the distance between the PC
point and (0, 0, 0) point in the x–y plane. Photon conversion
events accumulate at δxy ¼ 3 cm and δxy ¼ 6.5 cm corre-
sponding to the positions of the beam pipe and the inner
wall of the MDC. A detailed study [28] illustrates that the
distributions of δxy for data and MC simulations are
consistent with each other. By requiring δxy < 2 cm, back-
ground from photon conversion is removed.
For Mode II, candidate events are required to have at

least two tracks with opposite charge identified as two
pions, while the requirements for the eþe− pair from the
decay hc → eþe−ηc and the requirements for the E1 photon
from the decay hc → γηc are the same as those described
above for Mode I.
To select the ηc in Mode I, we require that the energy of

the eþe− pair from hc → eþe−ηc and the energy of the γ
from hc → γηc to be in the range [470, 540] MeV. To select
the ηc in Mode II, we require the masses recoiling against
the πþπ−eþe− and πþπ−γ systems to be within the ηc mass
window ½2.92; 3.08� GeV=c2. After the above require-
ments, extensive examination of the Eeþe− sideband reveals
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the absence of any peaking background beneath the hc
signal. The masses recoiling against the π0 (Mode I) and
πþπ− (Mode II) systems are shown in Fig. 1. There is a
prominent peak for the decays hc → γηc and hc → eþe−ηc.
To evaluate the statistical significance and the signal

yields of the hc → eþe−ηc decay, we perform a simulta-
neous unbinned maximum likelihood fit to the π0 and πþπ−
recoil mass spectra, which are displayed in Figs. 1(a)
and 1(c). The signal shapes for Mode I and Mode II are
parmetrized as a common Breit-Wigner function with a
fixedwidth of 0.78MeV [29] and a floating resonancemass,
convolved with a Crystal Ball function to account for the
mass resolution effect. The parameters for the Crystal Ball
function are fixed to be those obtained from the MC
simulations, respectively, for the above two modes. The
background shapes forMode I andMode II are described by
a fourth-order and a first-order Chebyshev function, respec-
tively. The fit gives a peak at ð3524.72� 0.47Þ MeV=c2,
which is in good agreement with the world average value of
the hc mass [5], with a statistical significance of 5.4σ. The
statistical significance is determined by the change of the
log-likelihood value and the number of degrees of freedom
in the fit with and without the hc signal. To conservatively
estimate the significance, the minimum one is ultimately
chosen with the effects of both signal and background
shapes taken into account. For the reference channel of
hc → γηc, a simultaneous fit to the π0 [Fig. 1(b)] and πþπ−
[Fig. 1(d)] recoil mass spectra is also performed with the
same signal model and the background shapes as those for

the hc → eþe−ηc decay. For the above two cases, the fit
results are summarized in Table I.
Using the MC-determined efficiencies and the fitted

signal yields, the ratios of the branching fractions, given in
Table I, are calculated with

R≡ Bðhc → eþe−ηcÞ
Bðhc → γηcÞ

¼
Nobs

eþe−ηc

Nobs
γηc

·
ϵγηc

ϵeþe−ηc
; ð1Þ

where Nobs
eþe−ηc

and Nobs
γηc represent the numbers of the hc →

eþe−ηc and hc → γηc signal events from the fits, and
ϵeþe−ηc and ϵγηc are the corresponding detection efficiencies.
The measured ratios from two Modes are in reasonable
agreement within two standard deviations due to the large
statistical uncertainties.
All the systematic uncertainties taken into account are

summarized in Table II. The tracking efficiency has been
studied using the control samples of J=ψ → eþe−ðγFSRÞ
[30] and J=ψ → ρπ [31], where FSR means final-state
radiation. The difference in efficiencies between data and
MC simulation for electrons, positrons, and charged pions
is estimated to be 1.0% for each charged track. The total
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FIG. 1. (a,b) The π0 recoil mass spectra for ψð3686Þ → π0hc with (a) hc → eþe−ηc and (b) hc → γηc. (c,d) The πþπ− recoil mass
spectra for eþe− → πþπ−hc with (c) hc → eþe−ηc and (d) hc → γηc selected from XYZ data. The total fit results are shown as solid red
lines, the signals as solid pink lines and the backgrounds as dashed green lines.

TABLE I. The fit results and the measured R for Mode I and
Mode II.

Mode Nobs
eþe−ηc

Nobs
γηc ϵeþe−ηc ϵγηc Rð%Þ

I 298� 76 95564� 1340 5.38% 7.99% 0.46� 0.12� 0.05
II 663� 136 99260� 1792 24.73% 33.12% 0.89� 0.18� 0.09
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systematic uncertainty is then taken to be 1.0% times the
number of selected charged tracks in each process.
The photon detection efficiency has been studied using a

control sample of J=ψ → ρπ [31]. It is found that the
detection efficiency of MC simulation is in agreement with
that of data within 1.0%, which is taken as the syste-
matic uncertainty for each photon. The total systematic
uncertainty from this source is determined by the number of
selected good photons in each process.
The uncertainty on electron and positron identification is

studied with a control sample of radiative Bhabha scatter-
ing events eþe− → γeþe−. The average efficiency differ-
ence for electron and positron identification between data
and MC simulation, weighted according to the polar angle
and momentum distributions of the signal MC samples, is
determined to be 1.6% for each of them. Thus, a systematic
uncertainty of 3.2% is assigned.
We perform a study of γ conversion events with a clean

control sample of J=ψ → πþπ−π0; π0 → γeþe−. The sys-
tematic uncertainty due to the γ conversion veto is
estimated to be 1.0% [32], which is the relative difference
of efficiencies between data and MC simulation.
The systematic uncertainty due to the Eeþe− or Eγ

requirements is estimated by varying the range of Eeþe−

and Eγ from [470, 540] MeV to [480, 540] MeV. The
differences of branching fractions between different energy
ranges, 0.3% and 3.9%, are taken as the systematic
uncertainties from the energy cut of hc → eþe−ηc and
hc → γηc in ψð3686Þ decays, respectively.
The uncertainty due to π0 reconstruction is investigated

using double-tag DD̄ hadronic decay samples of D0 →
K−πþ; K−πþπþπ− versus D̄0 → Kþπ−π0; K0

Sπ
0 [33,34].

The average data-MC difference of the π0 reconstruction

efficiencies, weighted by the momentum spectra of signal
MC events, is 0.7% per π0.
In the generator for the decay hc → eþe−ηc, the form

factor Vðq2Þ ¼ 1
1−q2=Λ2 is used, where q2 is the square of the

invariant mass of the eþe− pair, and the pole mass Λ is the
mass of the vector resonance near the energy scale of the
decaying particle according to the vector meson dominance
model [35,36]. To generate the signal MC sample, we
assume that the value of Λ is MJ=ψ . In order to obtain the
systematic uncertainty from the generator, we generate a
new signal MC sample by changing the value of Λ to Mhc.
The difference of detection efficiency between these two
samples gives an uncertainty of 1.4%.
The fitting range, signal and background descriptions are

considered as sources of systematic uncertainty related to
the fitting procedure. These uncertainties are determined by
varying the fitting ranges, changing the width parameter in
hc signal shape, and varying the orders of the Chebychev
functions in the fit. The maximum differences of the fit
results are assigned as the systematic uncertainties from
each item of the fitting procedure as shown in Table II.
To assess the contamination from the hc decays in the

absence of an intermediate ηc, the dedicated MC simu-
lations were performed for hc directly decaying into
hadrons without ηc. It is found that the background
contributions to hc → eþe−ηc could be ignored, while
the contamination to hc → γηc are 0.9% and 1.3%, respec-
tively, for Mode I and Mode II.
The systematic uncertainties from different sources and

their corresponding contributions are summarized in
Table II, where the total systematic uncertainties of R
for Mode I and Mode II are calculated by assuming that the
common systematic uncertainties between the two hc
decays cancel in the measurement of R.
In summary, based on ð27.12� 0.14Þ × 108 ψð3686Þ

events and XYZ data, corresponding to a total integrated
luminosity of 10507.44 pb−1 taken at center-of-mass ener-
gies between 4.130 and 4.780 GeV collected with the BESIII
detector, we observe the EMDalitz decay hc → eþe−ηc with
a statistical significance of 5.4σ. We measure the ratio R ¼
Bðhc→eþe−ηcÞ
Bðhc→γηcÞ separately for samples of hc produced in the two

processes ψð3686Þ → π0hc and eþe− → πþπ−hc, and the
results are shown in Table I. Combining the results with the
weighted least squares method from ψð3686Þ and XYZ data
givesR ¼ ð0.59� 0.10ðstatÞ � 0.04ðsystÞÞ%, where corre-
lations of different sources of systematic uncertainties
between the two modes are taken into account. This result
provides new experimental inputs and vertex information on
the interactionof charmoniumstateswith theEMfield.This is
the first measurement of this branching ratio and is important
to guide models in the description of charmonium decays.
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