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Search for the radiative transitions ψ(3770) → γηc and γηc(2S)
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By using a 2.92 fb−1 data sample taken at
√
s = 3.773 GeV with the BESIII detector operating at

the BEPCII collider, we search for the radiative transitions ψ(3770) → γηc and γηc(2S) through the
hadronic decays ηc(ηc(2S)) → K0

SK
±π∓. No significant excess of signal events above background

is observed. We set upper limits at a 90% confidence level for the product branching fractions to
be B(ψ(3770) → γηc)×B(ηc → K0

SK
±π∓) < 1.6× 10−5 and B(ψ(3770) → γηc(2S))×B(ηc(2S) →

K0
SK

±π∓) < 5.6 × 10−6. Combining our result with world-average values of B(ηc(ηc(2S)) →
K0
SK

±π∓), we find the branching fractions B(ψ(3770) → γηc) < 6.8 × 10−4 and B(ψ(3770) →
γηc(2S)) < 2.0 × 10−3 at a 90% confidence level.

PACS numbers: 13.25.Gv, 13.40.Hq, 14.40.Pq

I. INTRODUCTION

The nature of the excited JPC = 1−− cc̄ bound states
above the DD̄ threshold is of interest but still not well
known. The ψ(3770) resonance, as the lightest char-
monium state lying above the open charm threshold, is
generally assigned to be a dominant 13D1 momentum
eigenstate with a small 23S1 admixture [1]. It has been
thought almost entirely to decay to DD̄ final states [2, 3].

Unexpectedly, the BES Collaboration found a large inclu-
sive non-DD̄ branching fraction, (14.7± 3.2)%, by utiliz-
ing various methods [4–7], neglecting interference effects,
and assuming that only one ψ(3770) resonance exists in
the center-of-mass energy between 3.70 and 3.87 GeV.
A later work by the CLEO Collaboration, taking into
account the interference between the resonance decays
and continuum annihilation of e+e−, found a contradic-
tory non-DD̄ branching fraction, (−3.3 ± 1.4+6.6

−4.8)% [8].
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The BES results suggest substantial non-DD̄ decays, al-
though the CLEO result finds otherwise. In the exclu-
sive analyses, the BES Collaboration observed the first
hadronic non-DD̄ decay mode, ψ(3770) → J/ψπ+π− [9].
Thereafter, the CLEO Collaboration confirmed the BES
observation [10], and observed other hadronic transitions,
including π0π0J/ψ, ηJ/ψ [10], the E1 radiative tran-
sitions γχcJ(J = 0, 1) [11, 12], and the decay to light
hadrons φη [13]. While experimentalists have been con-
tinuing to search for exclusive non-DD̄ decays of the
ψ(3770), the sum of the observed non-DD̄ exclusive com-
ponents still makes up less than 2% of all decays [14],
which motivates the search for other exclusive non-DD̄
final states.
The radiative transitions ψ(3770) → γηc(ηc(2S))

are supposed to be highly suppressed by selection
rules, considering the ψ(3770) is predominantly the
13D1 state. However, due to the non-vanishing pho-
ton energy in the decay, higher multipoles beyond
the leading one could contribute [15]. Recently, au-
thors of Ref. [15] calculated the partial decay widths
Γ(ψ(3770) → γηc) = (17.14+22.93

−12.03) keV and Γ(ψ(3770) →
γηc(2S)) = (1.82+1.95

−1.19) keV (with corresponding branch-

ing fractions B(ψ(3770) → γηc) = (6.3+8.4
−4.4) × 10−4 and

B(ψ(3770) → γηc(2S)) = (6.7+7.2
−4.4) × 10−5 calculated

with Γψ(3770) = 27.2± 1.0 MeV [14]) by taking into con-
sideration significant contributions from the intermedi-
ate meson loop (IML) mechanism, which is important
for exclusive transitions, especially when the mass of
the initial state is close to the open channel threshold.
Experimental measurements of the branching fractions
B(ψ(3770) → γηc(ηc(2S))) will be very helpful for testing
theoretical predictions and providing further constraints
on the IML contributions.
In this paper, we present the results of searches for the

radiative transitions ψ(3770) → γηc(ηc(2S)). In order
to avoid high combinatorial background and to get good
resolution, the ηc(ηc(2S)) is reconstructed in the most
widely used hadronic decay ηc(ηc(2S)) → K0

SK
±π∓,

which contains only charged particles and has a large
branching fraction. As a cross-check, the branching frac-
tion of the E1 transition ψ(3770) → γχc1 is also measured
using the decay mode χc1 → K0

SK
±π∓. The results re-

ported in this paper are based on a 2.92 fb−1 data sample
taken at

√
s = 3.773 GeV, accumulated by the BESIII

detector operating at the BEPCII e+e− collider.

II. THE BESIII EXPERIMENT AND MONTE

CARLO SIMULATION

The BESIII detector [16] (operating at the BEPCII
accelerator) is a major upgrade of the BESII detec-
tor (which operated at the BEPC accelerator) and it
is used for the study of physics in the τ -charm en-
ergy region [17]. The design peak luminosity of the
double-ring e+e− collider, BEPCII, is 1033 cm−2s−1 at
a beam current of 0.93 A. The BESIII detector has a

geometrical acceptance of 93% of 4π and consists of
four main components: (1) A small-celled, main drift
chamber (MDC) with 43 layers, which provides mea-
surements of ionization energy loss (dE/dx) and charged
particle tracking. The average single wire resolution is
135 µm, and the momentum resolution for charged par-
ticles with momenta of 1 GeV/c in a 1 T magnetic field is
0.5%. (2) An electromagnetic calorimeter (EMC), which
is made of 6240 CsI (Tl) crystals arranged in a cylin-
drical shape (barrel) plus two end caps. For 1.0 GeV
photons, the energy resolution is 2.5% in the barrel and
5% in the end caps, and the position resolution is 6 mm
in the barrel and 9 mm in the end caps. (3) A time-of-
flight system (TOF), which is used for particle identifica-
tion (PID). It is composed of a barrel part made of two
layers with 88 pieces of 5 cm thick and 2.4 m long plastic
scintillators in each layer, and two end caps with 96 fan-
shaped, 5 cm thick plastic scintillators in each end cap.
The time resolution is 80 ps in the barrel, and 110 ps
in the end caps, corresponding to a 2σ K/π separation
for momenta up to about 1.0 GeV/c. (4) A muon cham-
ber system, which consists of 1272 m2 of resistive plate
chambers arranged in 9 layers in the barrel and 8 layers
in the end caps and is incorporated in the return iron of
the super-conducting magnet. The position resolution is
about 2 cm.

Monte Carlo (MC) simulations of the full detector are
used to determine the detection efficiency of each chan-
nel, to optimize event-selection criteria and to estimate
physics backgrounds. The geant4-based [18] simulation
software, BESIII Object Oriented Simulation [19], con-
tains the detector geometry and material description, the
detector response and signal digitization models, as well
as records of the detector running conditions and perfor-
mance. The production of the ψ(3770) resonance is simu-
lated with the MC event generator kkmc [20, 21], which
includes initial-state radiation (ISR). The signal chan-
nels are generated with the expected angular distribu-
tions for ψ(3770) → γηc, γηc(2S), γχc1. The subsequent
ηc, ηc(2S), χc1 → K0

SK
±π∓ are produced according to

measured Dalitz plot distributions, which are obtained
from the processes ψ(3686) → γηc(χc1) → γK0

SK
±π∓

for ηc(χc1) → K0
SK

±π∓ and B± → K±ηc(2S) →
K±(K0

SKπ)
0 for ηc(2S) → K0

SK
±π∓, as measured by

the Belle Collaboration [22]. To investigate possible
background contaminations, MC samples of ψ(3770) in-
clusive decays equivalent to 10 times that of the data,
and e+e− → γISRJ/ψ, γISRψ(3686), qq̄ (q = u, d, s)
equivalent to 5 times that of the data are generated. The
decays are generated with evtgen [23] for the known de-
cay modes with branching fractions taken from the Par-
ticle Data Group (PDG) [14] or by the Lundcharm model
lundcharm [24] for the unmeasured decays.
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III. EVENT SELECTION

Each charged track except those from K0
S decays is

required to be within 1 cm in the radial direction and
10 cm along the beam direction consistent with the run-
by-run-determined interaction point. The tracks must be
within the MDC fiducial volume, | cos θ| < 0.93, where
θ is the polar angle with respect to the e+ beam di-
rection. Charged-particle identification (PID) is based
on combining the dE/dx and TOF information to form

the variable χ2
PID(i) = (

dE/dxmeasured−dE/dxexpected

σdE/dx
)2 +

(
TOFmeasured−TOFexpected

σTOF
)2. The values χ2

PID(i) are calcu-
lated for each charged track for each particle hypothesis
i (i = pion, kaon, or proton).

Photon candidates are reconstructed by clustering
EMC crystal energies. The energy deposited in the
nearby TOF scintillator is included to improve the re-
construction efficiency and the energy resolution. Show-
ers in the EMC must satisfy fiducial and shower-quality
requirements to be accepted as good photon candidates.
Shower energies are required to be larger than 25 MeV
in the EMC barrel region (| cos θ| < 0.8) and larger than
50 MeV in the endcap (0.86 < | cos θ| < 0.92). The show-
ers close to the boundary are poorly reconstructed and
excluded from the analysis. To eliminate showers from
charged particles, a photon must be separated from any
charged tracks by more than 20◦. Furthermore, in order
to suppress electronic noise and energy deposits unre-
lated to the event, the EMC timing of the photon can-
didate is required to be in coincidence with the collision
event, i.e., within 700 ns.

The K0
S candidates are identified via the decay K0

S →
π+π−. Secondary vertex fits are performed to all pairs
of oppositely charged tracks in each event (assuming the
tracks to be pions). The combination with the best fit
quality is kept for further analysis if the invariant mass is
within 10 MeV/c2 of the nominal K0

S mass [14], and the
decay length is more than twice the vertex resolution.
The fitted K0

S information is used as an input for the
subsequent kinematic fit.

In the ψ(3770) → γK0
SK

±π∓ channel selection, candi-
date events must contain at least four charged tracks and
at least one good photon. After finding a K0

S, the event
should have exactly two additional charged tracks with
zero net charge. A four-constraint (4C) kinematic fit is
then applied to the selected final state with respect to
the ψ(3770) four-momentum to reduce background and
improve the mass resolution. The identification of the
species of final state particles and the selection of the best
photon when additional photons are found in an event are
achieved by minimizing χ2

total = χ2
4C+χ

2
PID(K)+χ2

PID(π)
over all possible combinations, where χ2

4C is the chi
square of the 4C kinematic fit and χ2

PID(K) (χ2
PID(π))

is the chi square of the PID for the kaon (pion). Events
with χ2

4C < 20 are accepted as γK0
SK

±π∓ candidates.

Background from ψ(3770) → D0D̄0, D̄0 →
π0K0

S, D
0 → π+K− or the charged conjugate process is

removed by requiring |MK±π∓ −MD0 | > 3σ, where σ is
the resolution ofMK±π∓ . To suppress background events
with one additional photon, for instance π0K0

SK
±π∓

events, the candidate events are also subjected to a 4C
kinematic fit to the hypothesis γγK0

SK
±π∓. We require

the χ2
4C of the γK0

SK
±π∓ hypothesis be less than that

of the γγK0
SK

±π∓ hypothesis.

IV. DATA ANALYSIS

By using large statistics MC samples we find the
remaining dominant background can be classified into
two categories: background from the continuum pro-
cess e+e− → qq̄, which has smooth distributions around
the ηc, ηc(2S) and χc1 resonance; and background from
the radiative tail of the ψ(3686), which produces peaks
within the signal regions ((2.90-3.05 GeV/c2) for ηc, (3.6-
3.66 GeV/c2) for ηc(2S), and (3.49-3.54 GeV/c2) for χc1).
MC studies show that contributions from other known
processes are negligible.

The background from the continuum process e+e− →
qq̄ can be separated into three subcategories: events with
an extra photon in the final state, e+e− → π0K0

SK
±π∓;

events with the same final state as the signal, e+e− →
γISR/γFSRK

0
SK

±π∓, where the photon comes from ini-
tial state radiation (ISR) or final-state radiation (FSR);
and events with a fake photon candidate, e+e− →
K0
SK

±π∓.

Background from e+e− → π0K0
SK

±π∓, where a soft
photon from π0 → γγ is missing can be measured by
reconstructing e+e− → π0K0

SK
±π∓ events from data.

The selection criteria are similar to those applied in the
γK0

SK
±π∓ candidate selection but with an additional

photon and a π0 reconstructed from the selected photons.
A MC sample of e+e− → π0K0

SK
±π∓ is generated ac-

cording to phase space to determine the relative efficiency
of γK0

SK
±π∓ and π0K0

SK
±π∓ selection criteria in each

MK0
SK

±π∓ mass bin. By scaling the selected π0K0
SK

±π∓

data sample with the efficiencies in eachMK0
SK

±π∓ mass
bin, we obtain the background contamination.

Background contributions from e+e− →
(γISR/γFSR)K

0
SK

±π∓ are estimated with MC dis-
tributions for these processes normalized by the
luminosity. The generation of this sample includes the
processes e+e− → hadrons and e+e− → γ + hadrons,
where the photon comes from ISR or FSR (generated
by photos [25]) effects. The experimental Born cross
section σ(s) of e+e− → K0

SK
±π∓ obtained by the

BABAR Collaboration [26] is used as input in the
generator.

Background from the tail of the ψ(3686) resonance
production at

√
s = 3.773 GeV, including radiatively

produced ψ(3686) with soft ISR photon (i.e., e+e− →
γψ(3686), ψ(3686) → γX (X stands for ηc, ηc(2S) or
χc1)), indistinguishable from the ψ(3770) decays, will
produce peaks in the signal regions. Its contribution can



5

be estimated by

N b
ψ(3686) = σ(s)× L× ǫ×ΠBi, (1)

where L is the integrated luminosity, ǫ is the detection
efficiency for the final state in question, and Bi denotes
the branching fraction for the intermediate resonance de-
cays (i.e., B(ψ(3686) → γX), B(X → K0

SK
±π∓) and

B(K0
S → π+π−)). The cross section of ψ(3686) produc-

tion at
√
s = 3.773 GeV, σ(s), can be expressed as

σ(s) =

∫ xcut

0

W (s, x) · BW(s′(x)) · FX(s′(x))dx, (2)

where x is the scaled radiated energy in e+e− →
γISRψ(3686) (x = 2EγISR/

√
s); s′ is the mass-squared

with which the ψ(3686) is produced (s′(x) = s(1 −
x)); W (s, x) is the ISR γ-emission probability [27];
BW(s′(x)) = 12πΓRΓee/[(s

′ − M2
R)

2 + M2
RΓ

2
R] is the

relativistic Breit-Wigner formula describing the ψ(3686)
resonance; and FX(s′(x)) = (Eγ(s

′)/Eγ(M
2
R))

3 is the
phase space factor between the ψ(3686) produced with√
s′ mass and with its nominal mass, M2

R, in which Eγ
is the energy of the transition photon in ψ(3686) → γX
decay. The ψ(3686) nominal mass (MR), total width
(ΓR) and e+e− width (Γee) are taken from the PDG.
The threshold cutoff xcut = 1 −m2

X/s is chosen as the
upper limit of integration in the definition of σ(s), where
mX is the nominal mass of X . The estimated numbers of
background events are listed in Table I, where the errors
arise dominantly from the uncertainties of the integrated
luminosity, the cross section for ψ(3686), the detection
efficiencies, and the branching fractions.

TABLE I. The number of background events from the ra-
diative tail of the ψ(3686) resonance produced at

√
s =

3.773 GeV. The product branching fraction B(ψ(3686) →
γηc(2S), ηc(2S) → K0

SK
±π∓) is taken from a previous

BESIII measurement [28], where the error is statistical only;
others are taken from the PDG.

X B(ψ(3686) → γX → γK0
SK

±π∓) Nb
ψ(3686)

ηc (8.16± 1.38) × 10−5 2.7± 0.6
ηc(2S) (4.31± 0.75) × 10−6 1.3± 0.3
χc1 (3.36± 0.31) × 10−4 19.8± 3.1

Figure 1 shows the invariant-mass spectrum of
K0
SK

±π∓ for selected candidates, together with the es-
timated e+e− → π0K0

SK
±π∓ and e+e− → (γ)K0

SK
±π∓

backgrounds. The estimated backgrounds can describe
data well. The summed background shapes from the
continuum process e+e− → qq̄ are found to be flat in
the ηc mass region (2.7-3.2 GeV/c2) (Fig. 1(a)) and
smooth in the χc1-ηc(2S) mass region (3.45-3.71 GeV/c2)
(Fig. 1(b)) without any enhancement in mass region of
interest.
The signal yields are extracted from unbinned maxi-

mum likelihood fits to the distributions of MK0
SK

±π∓ in

the ηc and χc1-ηc(2S) mass regions, separately, as shown
in Figs. 1(a) and 1(b), respectively.
In the ηc mass region, the fitting function consists of

four components: the ηc signal, ISR J/ψ, the peaking
background from the radiative tail of the ψ(3686), and
the summed non-peaking background. The fitting prob-
ability density function (PDF) as a function of mass (m)
for the ηc signal reads:

F (m) = Gres⊗ (ǫ(m)×E3
γ × fdamp(Eγ)×BW(m)), (3)

where Gres is the experimental resolution function, ǫ(m)

is the mass-dependent efficiency, Eγ =
m2
ψ(3770)−m

2

2mψ(3770)
is

the energy of the transition photon in the rest frame of
ψ(3770), fdamp(Eγ) describes a factor to damp the di-
verging tail raised by E3

γ with the functional form intro-
duced by KEDR [29]:

fKEDR
damp =

E2
0

EγE0 + (Eγ − E0)2
, (4)

where E0 =
m2
ψ(3770)−m

2
ηc

2mψ(3770)
is the peaking energy of the

transition photon, and BW(m) is the Breit-Wigner func-
tion with the resonance parameters of the ηc fixed to
the PDG. The mass-dependent efficiency is determined
from MC simulation of the resonance decay according to
the Dalitz plot distribution. The experimental resolution
function, Gres, is primarily determined from a signal MC
sample with the width of the resonance set to zero. The
consistency between data and MC simulation is checked
by studying the process e+e− → γISRJ/ψ, J/ψ →
K0
SK

±π∓. We use a smearing Gaussian function to de-
scribe the possible discrepancy between data and MC,
whose parameters are determined by fitting the MC-
determined J/ψ shape convolved by this Gaussian func-
tion to the data. We assume that the discrepancy is mass-
independent. The line shape for the J/ψ resonance is de-
scribed by a Gaussian function with floating parameters.
The shape of the peaking background from the radiative
tail of the ψ(3686) is obtained from the MC simulation
with the amplitude fixed to the estimated number. We
use a third-order Chebychev polynomial to represent the
remaining flat background.
In the χc1-ηc(2S) mass regions, the fitting func-

tion includes six components: χc1 and ηc(2S) signals;
the ψ(3686) peak; and backgrounds from the radia-
tive tail of the ψ(3686), e+e− → π0K0

SK
±π∓ and

e+e− → (γISR/γFSR)K
0
SK

±π∓. The contribution from
ψ(3770) → γχc2 → γK0

SK
±π∓, whose expected number

of events is estimated to be less than 2.4 using a MC-
determined detection efficiency and measured branching
fractions [14], is ignored in the fit. The line shapes
for both the ηc(2S) and χc1 resonances are also given
by Eq. 3. The resonance parameters of the χc1 and
ηc(2S) are fixed to the PDG values. The line shape
for the ψ(3686) resonance is described by a Gaussian
function with its mean value fixed to that of the PDG.
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FIG. 1. Invariant-mass spectrum for K0
SK

±π∓ from data with the estimated backgrounds and best-fit results superimposed in
the (a) ηc and (b) χc1-ηc(2S) mass regions. Dots with error bars are data. The shaded histograms represent the background
contributions from e+e− → π0K0

SK
±π∓ and e+e− → (γ)K0

SK
±π∓, which are shown for comparison only. For the fitted

curves, the solid lines show the total fit results. In (a), the ηc and J/ψ signals are shown as a short dashed line and a short
dash-dotted line, respectively; the peaking background from the radiative tail of the ψ(3686) is a long dash-dotted line; and the
polynomial background is a long dashed line. In (b), the ηc(2S), χc1 and ψ(3686) signals are shown as a dotted line (with too
small amplitude but indicated by the arrow), a short dashed line, and a short dash-dotted line, respectively; the background
from e+e− → (γ)K0

SK
±π∓ is a long dash-dotted line; the background from e+e− → π0K0

SK
±π∓ is a long dashed line; and the

peaking background from the radiative tail of the ψ(3686) is a dash-dot-dotted line.

The background from the lower mass region is domi-
nated by the e+e− → π0K0

SK
±π∓ process, which is

studied in data as mentioned earlier. It is described by a
Novosibirsk function [30] as shown in Fig. 2. The deter-
mined shape and magnitude of this background is fixed
in the fit. The background on the higher mass region is
e+e− → K0

SK
±π∓(γISR/γFSR). We use the shape of the

extracted e+e− → K0
SK

±π∓(γISR/γFSR) MC sample to
represent it, where the size is allowed to float. The shape
of the peaking background from the radiative tail of the
ψ(3686) also comes from the MC simulation, and its mag-
nitude is fixed to the expected number determined from
the background study.

The results of the observed numbers of events for
the ηc, ηc(2S) and χc1 are 29.3 ± 18.2, 0.4 ± 8.5 and
34.9 ± 9.8, respectively. The fits shown in Figs. 1(a)
and 1(b) have goodnesses of fit χ2/ndf = 27.1/42 and
48.8/47, which indicate reasonable fits. Since neither
the ηc nor the ηc(2S) signal is significant, we deter-
mine the upper limits on the number of signal events
using the probability density function (PDF) for the ex-
pected number of signal events. The PDF is regarded as
the likelihood distribution in fitting the invariant-mass
spectrum in Fig. 1(a) (Fig. 1(b)) by setting the num-
ber of ηc(ηc(2S)) signal events from zero up to a very
large number. The upper limit on the number of events
at a 90% confidence level (C.L.), Nup, corresponds to∫ Nup

0
PDF(x)dx/

∫ ∞

0
PDF(x)dx = 0.90.
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FIG. 2. The measured background from e+e− → π0K0
SK

±π∓

(dots with error bars) with the expected size in the χc1-ηc(2S)
mass region. The curve shows the fit with a Novosibirsk func-
tion.

V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties of the branching fraction
measurements mainly originate from the MDC track-
ing efficiency, photon detection, K0

S reconstruction, kine-
matic fitting, theD0 and π0 veto,K0

SK
±π∓ intermediate

states, the integrated luminosity of data, the cross sec-
tion for ψ(3770), the damping function, and the fit to
the invariant-mass distributions. The contributions are
summarized in Table II and discussed in detail in the
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following paragraphs.

TABLE II. Summary of systematic uncertainties (%) in the
product branching fraction measurements of B(ψ(3770) →
γX)× B(X → K0

SK
±π∓), where X stands for ηc, ηc(2S), or

χc1.

Sources γηc γηc(2S) γχc1
Tracking 2.0 2.0 2.0
Photon reconstruction 1.0 1.0 1.0
K0
S reconstruction 4.0 4.0 4.0

Kinematic fitting 3.9 5.5 5.3
D0&π0 veto 3.2 3.2 3.2
K0
SK

±π∓ intermediate states 1.9 3.3 2.0
Lψ(3770) 1.0 1.0 1.0
σ0
ψ(3770) 7.8 7.8 7.8

Fitting range . . . 8.1 3.2
Non-peaking background . . . 10.2 8.9
Background from ψ(3686) tail . . . 1.2 8.0
Damping function . . . 1.9 0.3
Mass and width of ηc(2S) . . . 12.0 . . .
Total 10.6 21.3 16.7

The difference in efficiency between data and MC simu-
lation is 1% for each π± or K± track that comes from the
IP [31, 32]. So the uncertainty of the tracking efficiency
is 2%. The uncertainty due to photon reconstruction is
estimated to be 1% per photon [33].

Three parts contribute to the complete efficiency for
the K0

S reconstruction: the geometric acceptance, the
tracking efficiency, and the efficiency of K0

S selection.
The first part can be estimated using MC studies. The
other two are studied by the doubly tagged hadronic de-
cay modes of D0 → K0

Sπ
+π− versus D̄0 → K+π−, D0 →

K0
Sπ

+π− versus D̄0 → K+π−π0, and D0 → K0
Sπ

+π−

versus D̄0 → K+π−π−π+ and J/ψ → K∗K̄0+c.c.. With
these samples, the efficiency to reconstruct theK0

S from a
pair of pions can be determined. The difference between
data and MC, 4.0%, is included in the systematic error.

There are differences between data and MC in the
χ2
4C distributions of the kinematic fit. These differences

are dominantly due to the inconsistencies in the charged
track parameters between data and MC. We correct the
track helix parameters (φ0, κ, tanλ) to reduce the dif-
ferences, where φ0 is the azimuthal angle specifying the
pivot with respect to the helix center, κ is the recipro-
cal of the transverse momentum, and tanλ is the slope
of the track. The correction factors are extracted from
pull distributions by using the control sample J/ψ →
φf0(980), φ → K+K−, f0(980) → π+π− [34]. The
MC samples after correction are used to estimate the
efficiency and to fit the invariant-mass spectrum. Fig-
ure 3 shows the χ2

4C distributions before and after the
corrections in MC and in data for the control sample
e+e− → γISRJ/ψ, J/ψ → K0

SK
±π∓. The agreement

between data and MC simulation does improve signifi-
cantly after corrections, but differences still exist. The
differences in the efficiencies, obtained using MC simula-

tions with and without corrections, are taken as the sys-
tematic uncertainties as conservative estimations. These
are 3.9%, 5.5% and 5.3% for ψ(3770) → γηc, γηc(2S)
and γχc1, respectively.

2
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MC after correction

FIG. 3. The comparison of χ2
4C between data and MC for

e+e− → γISRJ/ψ, J/ψ → K0
SK

±π∓. The dots with error
bars are data, the dashed (solid) histogram represents MC
simulation without (with) track parameter corrections.

The uncertainty due to the D0 veto (|mK±π∓ −
mD0 | > 3σ) and the π0 veto (χ2

4C(γK
0
SK

±π∓) <
χ2
4C(γγK

0
SK

±π∓)) requirements is studied with a con-
trol sample of e+e− → γISRJ/ψ, J/ψ → K0

SK
±π∓. The

total efficiency difference between data and MC is deter-
mined to be 3.2% for the D0 and π0 veto requirements
together.
The reconstruction efficiencies are determined from

MC simulations where ηc, ηc(2S), χc1 → K0
SK

±π∓ are
generated according to the Dalitz plot distributions as
described earlier. To estimate the uncertainties in the
dynamics of the decays ηc, ηc(2S), χc1 → K0

SK
±π∓, al-

ternative MC samples treated as phase space distribu-
tions without any intermediate states are generated. The
differences between efficiencies obtained with these two
different generator models are taken as the systematic
uncertainties due to possible intermediate states.
By analyzing Bhabha scattering events from the data

taken at
√
s = 3.773 GeV, the integrated luminosity of

the data is measured to be 2.92 fb−1, where the uncer-
tainty is 1.0% [35]. To determine the total number of
ψ(3770), we use the ψ(3770) Born-level cross section of
at

√
s = 3.773 GeV, σ0

ψ(3770) = (9.93 ± 0.77) nb, which

is calculated by a relativistic Breit-Wigner formula with
the ψ(3770) resonance parameters [14]. The uncertainty
of σ0

ψ(3770) is 7.8%, arising dominantly from the errors in

the ψ(3770) resonance parameters.
The uncertainties from fitting the invariant-mass dis-

tributions of K0
SK

±π∓ are estimated by changing sig-
nal and background shapes and the corresponding fitting
range. In the ηc mass region, the fit-related uncertain-
ties are obtained by varying the fitting range to [2.675,
3.225] GeV/c2 and [2.725, 3.175] GeV/c2, changing the
background function to a second-order polynomial, vary-
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ing the parameters of the ηc by one standard deviation
away from the PDG value, removing the damping factor,
and changing the magnitude of the peaking background
from the radiative ψ(3686) tail by ±1σ. The maximum
Nup of the ηc signal yield is used in the upper limit calcu-
lation. In the χc1-ηc(2S) mass region, the uncertainties
due to the choice of fitting range are evaluated by varying
the range to [3.44, 3.72] GeV/c2 and [3.46, 3.70] GeV/c2.
The largest differences in the results are assigned as er-
rors. The uncertainties due to the choice of damping
function is estimated from the differences between results
obtained with Eq. 4 and the form used by CLEO [36]:

fCLEO
damp = exp(−

E2
γ

8β2
), (5)

with β = (65.0± 2.5) MeV from CLEO’s fit. The uncer-
tainties caused by the parameters of the ηc(2S) are esti-
mated by changing the mass and width values by ±1σ.
The background uncertainties dominantly come from the
components e+e− → π0K0

SK
±π∓ and the radiative tail

of the ψ(3686). We vary the shape parameters and mag-
nitudes by ±1σ, and take the differences on the results
as systematic uncertainties.
The overall systematic uncertainties are obtained by

combining all the sources of systematic uncertainties in
quadrature, assuming they are independent.

VI. RESULTS

We assume all the signal events from the fit come from
resonances (ηc, ηc(2S), χc1), neglecting possible inter-
ference between the signals and non-resonant contribu-
tions. The upper limits on the product branching frac-
tions B(ψ(3770) → γηc(ηc(2S)) → γK0

SK
±π∓) are cal-

culated with

B(ψ(3770) → γηc(ηc(2S)) → γK0
SK

±π∓)

<
Nup/(1− σsyst.)

ǫ · L · σ0
ψ(3770) · (1 + δ) · B(K0

S → π+π−)
, (6)

where Nup is the upper limit number on the signal size,
σsyst. is the total systematic error, ǫ is the efficiency
of the event selection, L is the integrated luminosity
of the data, σ0

ψ(3770) is the Born-level cross section for

the ψ(3770) produced at 3.773 GeV, (1 + δ) = 0.718 is
the radiative correction factor, obtained from the kkmc

generator with the ψ(3770) resonance parameters [14]
as input, and B(K0

S → π+π−) is the branching ra-
tio for K0

S → π+π−. The product branching fraction
B(ψ(3770) → γχc1 → γK0

SK
±π∓) is derived from

B(ψ(3770) → γχc1 → γK0
SK

±π∓) =

Nobs

ǫ · L · σ0
ψ(3770) · (1 + δ) · B(K0

S → π+π−)
, (7)

where Nobs is the observed number of events from the fit
and others are the same as described in Eq. 6.

Dividing these product branching fractions by B(ηc →
K0
SK

±π∓) = 1
3B(ηc → KK̄π) = 1

3 (7.2 ± 0.6)%,

B(ηc(2S) → K0
SK

±π∓) = 1
3B(ηc(2S) → KK̄π) =

1
3 (1.9 ± 1.2)% and B(χc1 → K0

SK
±π∓) = (3.65 ±

0.30) × 10−3 from the PDG, we obtain Bup(ψ(3770) →
γηc) and Bup(ψ(3770) → γηc(2S)) at a 90% C.L. and
B(ψ(3770) → γχc1). All the results are summarized in
Table III.

VII. SUMMARY

In summary, using the 2.92 fb−1 data sample taken at√
s = 3.773 GeV with the BESIII detector at the BEPCII

collider, searches for the radiative transitions between the
ψ(3770) and the ηc and the ηc(2S) through the decay pro-
cess ψ(3770) → γK0

SK
±π∓ are presented. No significant

ηc and ηc(2S) signals are observed. We set upper limits
on the branching fractions at a 90% C.L.

B(ψ(3770)→γηc→γK0
SK

±π∓)<1.6×10−5, (8)

B(ψ(3770)→γηc(2S)→γK0
SK

±π∓)<5.6×10−6, (9)

B(ψ(3770)→γηc)<6.8×10−4, (10)

B(ψ(3770)→γηc(2S))<2.0×10−3. (11)

We also report

B(ψ(3770)→γχc1→γK0
SK

±π∓)

=(8.51± 2.39± 1.42)×10−6, (12)

B(ψ(3770)→γχc1)=(2.33± 0.65± 0.43)×10−3, (13)

where the first errors are statistical and the second ones
are systematic.
Table III compares the results of our measurements

with the theoretical predictions from IML [15] and lattice
QCD [37] calculations, as well as those of CLEO[12], if
any. The upper limit for Γ(ψ(3770) → γηc) is just within
the error range of the theoretical predictions. However,
the upper limit for Γ(ψ(3770) → γηc(2S)) is much larger
than the prediction and is limited by statistics and the
dominant systematic error, which stems from the uncer-
tainty in the branching fraction of ηc(2S) → K0

SK
±π∓.

The measured branching fraction for ψ(3770) → γχc1 is
consistent with the CLEO result, but the small branching
ratio for χc1 → K0

SK
±π∓ reduces our sensitivity so that

the precision is inferior to that of CLEO, which used four
high-branching-fraction decays to all-charged hadronic fi-
nal states (2K, 4π, 2K2π, and 6π).
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TABLE III. The results for the branching fraction calculation. BCLEO(ψ(3770) → γX) is the CLEO’s measurement for the
related branching fraction; Γ(ψ(3770) → γX) is the measured partial width for the related process calculated with Γ(ψ(3770) →
γX) = Γψ(3770)B(ψ(3770) → γX); ΓIML and ΓLQCD are the theoretical predictions of the partial width for ψ(3770) → γX
based on IML and LQCD [37] models, respectively. For the measured branching fractions, the first errors are statistical and
the second ones are systematic.

Quantity ηc ηc(2S) χc1
Nobs 29.3± 18.2 0.4± 8.5 34.9± 9.8
Nup 56.8 16.1 . . .
ǫ (%) 27.87 25.24 28.46
B(ψ(3770) → γX → γK0

SK
±π∓) (×10−6) < 16 < 5.6 8.51 ± 2.39± 1.42

B(ψ(3770) → γX) (×10−3) < 0.68 < 2.0 2.33 ± 0.65± 0.43
BCLEO(ψ(3770) → γX) (×10−3) . . . . . . 2.9± 0.5± 0.4
Γ(ψ(3770) → γX) (keV) < 19 < 55 . . .
ΓIML (keV) 17.14+22.93

−12.03 1.82+1.95
−1.19 . . .

ΓLQCD (keV) 10± 11 . . . . . .
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