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Abstract

We search for the M1 radiative transition ψ(3686) → γηc(2S) by reconstructing the exclu-

sive ηc(2S) → K0
SK

±π∓π+π− decay using 1.06 × 108 ψ(3686) events collected with the BESIII

detector. The signal is observed with a statistical significance of greater than 4 standard de-

viations. The measured mass of the ηc(2S) is 3646.9 ± 1.6(stat) ± 3.6(syst) MeV/c2, and the

width is 9.9 ± 4.8(stat) ± 2.9(syst) MeV/c2. The product branching fraction is measured to

be B(ψ(3686) → γηc(2S)) × B(ηc(2S) → K0
SK

±π∓π+π−) = (7.03 ± 2.10(stat) ± 0.70(syst)) ×

10−6. This measurement complements a previous BESIII measurement of ψ(3686) → γηc(2S) with

ηc(2S) → K0
SK

±π∓ and K+K−π0.

PACS numbers: 13.20.Gd, 13.25.Gv, 14.40.Pq
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I. INTRODUCTION

Compared to other charmonium states with masses below the open charm threshold,

the properties of the ηc(2S) are not well-established. The determination of the ηc(2S)

mass, in particular, provides useful information about the spin-spin part of the charmonium

potential. The ηc(2S) was first observed at B -factories [1–4] and, to date, the only two

measured branching fractions are for decays to KK̄π and K+K−π+π−π0 [5]. While the

absolute branching fractions currently have poor precision, BaBar used the two-photon

fusion process to measure the ratio of B(ηc(2S) → K+K−π+π−π0) to B(ηc(2S) → K0
SK

±π∓)

to be 2.2 ± 0.5(stat) ± 0.5(syst) [6]. The production of the ηc(2S) is also expected from

magnetic dipole (M1) transitions [7] of the ψ(3686), and ψ(3686) → γηc(2S) with ηc(2S) →
KK̄π has previously been observed by BESIII [8]. This analysis complements the previous

analysis by focusing on the same radiative decay, ψ(3686) → γηc(2S), but with ηc(2S) →
K0

SK
±π∓π+π−.

In our study, ψ(3686) mesons are produced by the annihilation of electron-positron pairs

at a center-of-mass energy of 3686 MeV. The production of the ηc(2S) through a radiative

transition from the ψ(3686) requires a charmed-quark spin-flip and, thus, proceeds via a

M1 transition. Some of the generated ηc(2S) mesons will decay into hadrons, and then

ultimately into detectable particles, like pions, kaons, and photons. We study the exclusively

decay of ψ(3686) → γK0
SK

±π∓π+π− and search for the hadronic decays of the ηc(2S)

from a fit to the invariant mass spectrum of K0
SK

±π∓π+π−. The experimental challenge

of the measurement of this decay channel is to detect the 48 MeV radiative photons in an

experimental environment with considerable backgrounds, therefore the success of this study

depends on a careful and detailed analysis of all possible background sources.

II. THE EXPERIMENT AND DATA SETS

The data sample for this analysis consists of 1.06 × 108 events produced at the peak of

the ψ(3686) resonance [9]. Data were collected with an additional integrated luminosity of

42 pb−1 at a center-of-mass energy of
√
s=3.65 GeV to determine non-resonant continuum

background contributions. The data were accumulated with the BESIII detector operated

at the BEPCII e+e− collider.
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The BESIII detector, described in detail in Ref. [10], has an effective geometrical accep-

tance of 93% of 4π. It contains a small cell helium-based main drift chamber (MDC) which

provides momentum measurements of charged particles; a time-of-flight system (TOF) based

on plastic scintillator which helps to identify charged particles; an electromagnetic calorime-

ter (EMC) made of CsI (Tl) crystals which is used to measure the energies of photons

and provide trigger signals; and a muon system (MUC) made of Resistive Plate Chambers

(RPC). The momentum resolution of the charged particles is 0.5% at 1 GeV/c in a 1 Tesla

magnetic field. The energy loss (dE/dx) measurement provided by the MDC has a reso-

lution better than 6% for electrons from Bhabha scattering. The photon energy resolution

can reach 2.5% (5%) at 1 GeV in the barrel (endcaps) of the EMC. And the time resolution

of the TOF is 80 ps in the barrel and 110 ps in the endcaps.

Monte Carlo (MC) simulated events are used to determine the detection efficiency, op-

timize the selection criteria, and study the possible backgrounds. The simulation of the

BESIII detector is based on geant4 [11], in which the interactions of the particles with the

detector material are simulated. The ψ(3686) resonance is produced with kkmc [12], which

is the event generator based on precise predictions of the Electroweak Standard Model for

the process e+e− → ff + nγ, where f = e, µ, τ, d, u, s, c, b, and n is an integer number.

The subsequent decays are generated with EvtGen [13]. The study of the background is

based on a sample of 108 ψ(3686) inclusive decays, generated with known branching fractions

taken from the Particle Data Group (PDG) [5], or with lundcharm [14] for the unmeasured

decays.

III. EVENT SELECTION

The decays of ψ(3686) → γηc(2S) with ηc(2S) → K0
SK

±π∓π+π− are selected for this

analysis. A charged track should have good quality in the track fitting and be within the

angle coverage of the MDC, | cos θ| < 0.93. A good charged track (excluding those from

K0
S decays) is required to pass within 1 cm of the e+e− annihilation interaction point (IP)

in the transverse direction to the beam line and within 10 cm of the IP along the beam

axis. Charged-particle identification (PID) is based on combining the dE/dx and TOF

information to the variable χ2
PID(i) = (

dE/dxmeasured−dE/dxexpected

σdE/dx
)2 + (

TOFmeasured−TOFexpected

σTOF
)2.

The values χ2
PID(i) and the corresponding confidence levels ProbPID(i) are calculated for
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each charged track for each particle hypothesis i (pion, kaon, or proton).

Photon candidates are required to have energy greater than 25 MeV in the EMC both

for the barrel region (| cos θ| < 0.8) and the endcap region (0.86 < | cos θ| < 0.92). In order

to improve the reconstruction efficiency and the energy resolution, the energy deposited in

the nearby TOF counter is included. EMC timing requirements are used to suppress noise

and remove energy deposits unrelated to the event. Candidate events must have exactly six

charged tracks with net charge zero and at least one good photon.

K0
S candidates are reconstructed from secondary vertex fits to all the oppositely charged-

track pairs in an event (assuming the tracks to be π±). The combination with the best fit

quality is kept for further analysis, where the K0
S candidate must have an invariant mass

within 10 MeV/c2 of the K0
S nominal mass and the secondary vertex is well separated from

the interaction point. At least one good K0
S is reconstructed, and the related information is

used as input for the subsequent kinematic fit.

After tagging the π+π− pair from the K0
S, the other charged particles should be three

pions and one kaon. To decide the species of those particles, we make four different particle

combination assumptions: K+π−π+π−, π+K−π+π−, π+π−K+π−, and π+π−π+K−. For

the different assumptions, four-momentum conservation constraints (4C) are required to

be satisfied for each event candidate. For each event, the M1-photon is selected with the

minimum chi-square of the 4C kinematic fit (χ2
4C) by looping over all the good photons. Then

the χ2
4C and the chi-squares of the particle-identification for kaon (χ2

K) and pions (χ2
π) are

added together as the total chi-square (χ2
total) for event selection. The types of particles are

determined by choosing the smallest total chi-square. Events with χ2
total < 60 are accepted

as the γK0
SK

±π∓π+π− candidates.

To suppress the ψ(3686) → π+π−J/ψ, J/ψ → γK0
SK

±π∓ decay, events are rejected

if the recoil mass of any π+π− pair is within 15 MeV/c2 of the J/ψ nominal mass. The

ψ(3686) → ηJ/ψ, η → γπ+π− events are rejected if the mass of K0
SK

±π∓ is greater than

3.05 GeV/c2. In order to suppress ψ(3686) → η′K0
SK

±π∓, η′ → γπ+π− decays, events are

removed if the mass of any γπ+π− combination is within 20 MeV/c2 of the nominal η′ mass.
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IV. DATA ANALYSIS

The results of an analysis of the inclusive MC data sample showed that the primary

source of background is ψ(3686) → K0
SK

±π∓π+π−. There are two mechanisms for this de-

cay to produce background: a fake photon, or a photon from final-state radiation (FSR) is

incorporated into the final state. Other backgrounds include ψ(3686) → π0K0
SK

±π∓π+π−

with a missing photon and initial state radiation (ISR). The phase space process ψ(3686) →
γK0

SK
±π∓π+π− has the same final states as our signal, so it should be considered as an ir-

reducible background. As discussed in a later section, the size of this irreducible background

is estimated using a region of K0
SK

±π∓π+π− mass away from the ηc(2S) mass.

In the ψ(3686) → K0
SK

±π∓π+π− background with a fake photon, a peak could be pro-

duced in the K0
SK

±π∓π+π− mass spectrum close to the expected ηc(2S) mass with a sharp

cutoff due to the 25 MeV photon energy threshold. Considering that the fake photon does

not contribute useful information to the kinematic fit, we set the photon energy free in the

kinematic fit to avoid the mass distortion caused by the 25 MeV photon energy threshold.

We call this the 3C kinematic fit and produce the mass spectrum based on it. MC studies

demonstrate that with the 3C kinematic fit, the energy of the fake photon tends to zero,

which is helpful in separating the signal from the fake photon background, as shown in

Fig 1 [16].
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FIG. 1: Invariant mass spectrum of K0
SK

±π∓π+π− for the background ψ(3686) → K0
SK

±π∓π+π−

with a fake photon (left panel) and the signal ψ(3686) → γηc(2S), ηc(2S) → K0
SK

±π∓π+π− (right

panel). The points with error bars are 3C kinematic fit results, and the solid lines are 4C kinematic

fit results.
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In the other ψ(3686) → K0
SK

±π∓π+π− background, a photon from final state radi-

ation (γFSR) could contaminate our signal. The M3C

K0
SK3π

with the FSR process has a

long tail from 3.58 GeV/c2 to 3.68 GeV/c2 in our ηc(2S) signal region. We have to es-

timate the contribution of this FSR process, because it contributes to the background in

our signal region and cannot be reduced for the same final states as the signal. FSR is

simulated in our MC generated data with PHOTOS [15], and the FSR contribution is

scaled by the ratio of FSR fractions in data and MC generated data for a control sample

of ψ(3686) → γπ+π−K+K− and ψ(3686) → γπ+π−π+π− [16]. The background contribu-

tions from ψ(3686) → K0
SK

±π∓π+π− with fake photons and γFSR are estimated with MC

distributions normalized according to branching ratios we measured.

The channel ψ(3686) → π0K0
SK

±π∓π+π− can contaminate our signal when one of

the photons from the π0 is not detected. MC generated events of the ψ(3686) →
π0K0

SK
±π∓π+π− process, based on the phase space model, and which satisfy the selec-

tion criteria for the ψ(3686) → γK0
SK

±π∓π+π− signal, are taken to study this background

and estimate its response. To prove the correctness of the MC simulation, the ψ(3686) →
π0K0

SK
±π∓π+π− control sample, which is selected from the colliding data, times the effi-

ciency to reconstruct ψ(3686) → π0K0
SK

±π∓π+π− events as ψ(3686) → γK0
SK

±π∓π+π− is

shown in Fig. 2 and compared with the same distribution obtained from the corresponding

ψ(3686) → π0K0
SK

±π∓π+π− MC simulation. The consistency of the two distributions is

checked by the Kolmogorov-Smirnov test [17], and a good agreement is verified (the consis-

tency probability reaches 0.28).

The background from the continuum (including ISR) is estimated with collider data

taken at a center of mass energy of 3.65 GeV. The events must pass the signal selection

requirements and are then normalized according to differences in integrated luminosity and

cross section. Particle momenta and energies are scaled to account for the beam-energy

difference. The resultant number and the K0
SK3π invariant mass shape considering these

scale factors (fcontinuum = 3.6) are used in the final fit.

The background from phase space has the same final states as the signal. To select a

clean phase space sample, the MK0
SK3π region [3.20, 3.30] GeV/c2 is chosen. This choice is

made because there is a long ηc tail in the areaMK0
SK3π < 3.0 GeV/c2 which originates from

the decay channel ψ(3686) → γηc. There are three obvious peaks in the area MK0
SK3π >

3.3 GeV/c2 which are from the decay channel ψ(3686) → γχcJ , (J = 0, 1, and 2). The

9



)2 (GeV/cπK30
SK

M
3.3 3.35 3.4 3.45 3.5 3.55 3.6

)2
E

ve
nt

s 
/ (

 0
.0

05
 G

eV
/c

0

0.2

0.4

0.6

0.8

1

1.2

FIG. 2: The invariant mass distribution of K0
SK3π for the background from ψ(3686) →

π0K0
SK

±π∓π+π−. The black circles with error bars show the background shape obtained from

the collider data. The red triangles with error bars represent the MK0
SK3π distribution from a

corresponding MC sample.

branching fraction of the phase space process is calculated to be 1.73× 10−4. The K0
SK3π

invariant mass spectrum of MC phase space events is used in the final fit, while the number

of events is left floating. The number of phase space events obtained by fitting the mass

spectrum is consistent with that estimated by the branching fraction we calculated.

In theK0
SK3π mass spectrum fitting, the fitting range is from 3.30 GeV/c2 to 3.70 GeV/c2

so that the contributions of backgrounds and χcJ(J = 0, 1, and 2) can be taken into account.

The final mass spectrum and the fitting results are shown in Fig. 3. The fitting function

consists of the following components: ηc(2S), χcJ(J = 0, 1, and 2) signals and ψ(3686) →
K0

SK
±π∓π+π−, ψ(3686) → π0K0

SK
±π∓π+π−, ISR, and phase space backgrounds. The line

shapes for χcJ are obtained from MC simulations. These can describe the χcJ spectrum

well in the collider data after applying the kinematic fit correction [18]. The line shape for

ηc(2S) produced by such a M1 transition is given by:

(E3
γ ×BW (m)× damping(Eγ))⊗Gauss(0, σ), (1)
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FIG. 3: The results of fitting the mass spectrum for χcJ and ηc(2S). The black dots are the col-

lider data, the blue long-dashed line shows the χcJ and ηc(2S) signal shapes, the cyan dotted line

represents the phase space contribution, the violet dash-dotted line shows the continuum data con-

tribution, the green dash-double-dotted line shows the contribution of ψ(3686) → K0
SK

±π∓π+π−,

and the red dashed line is the contribution of ψ(3686) → π0K0
SK

±π∓π+π−. The background-

subtracted spectrum is shown in the inset.

where BW (m) is the Breit-Wigner function, m is the invariant mass of K0
SK3π, Eγ =

m2
ψ(3686)

−m2

2mψ(3686)
is the energy of the transition photon in the rest frame of ψ(3686), damping(Eγ)

is the function to damp the diverging tail raised by E3
γ and Gauss(0, σ) is the Gaussian

function describing the detector resolution. The detector resolution is determined by the

MC study, and the difference of data and MC has been taken into account which introduces

negligible uncertainties in branching fraction, mass and width measurements comparing with

other factors. The form of the damping function is somewhat arbitrary, and one suitable

function used by KEDR [19] for a similar process is

damping(Eγ) =
E2

0

EγE0 + (Eγ − E0)2
, (2)

where E0 =
m2
ψ(3686)

−m2
ηc(2S)

2mψ(3686)
is the peaking energy of the transition photon. Another damping

11



function used by CLEO [20] is inspired by the overlap of wave functions

damping(Eγ) = exp(−E2
γ/8β

2), (3)

with β = (65.0± 2.5) MeV from CLEO’s fit. In our analysis, the KEDR function (Eq. 2) is

used in the fitting to give the final results, and the CLEO one (Eq. 3) is used to estimate

the possible uncertainty caused by the form of damping functions. The fitting procedure

has been validated with a toy Monte Carlo analysis, and the output values are consistent

with the input considering the statistical errors.

The result for the yield of ηc(2S) events is 57 ± 17 with a significance of 4.2σ. The

significance is calculated from log-likelihood differences between fits with and without the

ηc(2S) component. The robustness of this result was tested by considering different damping

factor forms, FSR fractions, and background assumptions. In all the cases, the statistical

significance is found to be larger than 4σ. The resulting mass and width from the fit are

3646.9 ± 1.6 MeV/c2 and 9.9 ± 4.8 MeV/c2 (statistical errors only), respectively. We find

the product branching fraction B(ψ(3686) → γηc(2S)) × B(ηc(2S) → K0
SK

±π∓π+π−) =

(7.03 ± 2.10) × 10−6 with the efficiency of 11.1% for the signal selection.

V. ESTIMATION OF SYSTEMATIC UNCERTAINTIES

The systematic uncertainties in the ηc(2S) mass and width measurements are estimated

by the uncertainties in the damping factor, scale factor and the number of ψ(3686) →
π0K0

SK
±π∓π+π− events. The results are summarized in Table I, and described in more

detail in the following.

TABLE I: Uncertainties in the mass and width of ηc(2S).

Source mass uncertainty width uncertainty

Damping factor < 0.1% 28%

Scale factor negligible 5%

No. of π0K0
SK

±π∓π+π− < 0.1% 5%

Total < 0.1% 29%

12



We change the damping factor to the CLEO form, then compare the results with that

obtained with the KEDR form, and the difference is taken as the uncertainty originating from

the damping factor. The background shape of ψ(3686) → K0
SK

±π∓π+π− could influence the

fitting results, so we change the FSR scale factor of 1.46 by 1σ to 1.412 and 1.504, and the

difference in the results is taken as the uncertainty coming from scale factor. In the fitting

of the mass spectrum, the number of events for ψ(3686) → π0K0
SK

±π∓π+π− is fixed. We

change the number of events by 1σ, and take the difference in the results as the uncertainty

originating from the number of background events from ψ(3686) → π0K0
SK

±π∓π+π− events.

The systematic errors in the measurement of the branching fraction are summarized in

Table II and explained below.

TABLE II: Summary of systematic uncertainties in the measurement of

B(ψ(3686) → γηc(2S), ηc(2S) → K0
SK

±π∓π+π−) .

Sources Systematic uncertainties

MDC tracking 4%

Photon reconstruction 1%

K0
S reconstruction 4%

Kinematic fitting and PID 2%

Total number of ψ(3686) 0.8%

Damping factor 2%

Scale factor 5%

No. of ψ(3686) → π0K0
SK

±π∓π+π− 2%

ηc(2S) width 3%

Intermediate states 5%

Total 10%

The tracking efficiencies for K± and π± as functions of transverse momentum have been

studied with the process J/ψ → K0
SK

±π∓, K0
S → π+π− and ψ(3686) → π+π−J/ψ, respec-

tively. The efficiency difference between data and MC is 1% for each K± track or π± track

[21, 22]. So the uncertainty of the tracking efficiency is 4% for four charged tracks. The

uncertainty of the two pions from K0
S is not included here, because it is included in the K0

S

13



uncertainty.

The uncertainty due to photon reconstruction is 1% per photon [23]. This is determined

from studies of photon detection efficiencies in the process J/ψ → ρ0π0, ρ0 → π+π− and

π0 → γγ.

Three parts contribute to the efficiency for K0
S reconstruction: the geometric acceptance,

tracking efficiency and the efficiency of K0
S selection. The first part was estimated using

an MC sample, and the other two were studied by the process J/ψ → K∗K̄0 + c.c.. The

difference between data and MC is estimated to be 4%.

To estimate the uncertainty of kinematic fitting, we first correct the track helix param-

eters (φ0, κ, tgλ) to reduce the difference on χ2
4C from kinematic fitting between data and

MC, where φ0 is the azimuthal angle specifies the pivot with respect to the helix center, κ is

the reciprocal of the transverse momentum and tgλ is the slope of the track. The correction

factors are obtained from J/ψ → φf0(980), φ → K+K− and f0(980) → π+π−. The MC

samples after correction are used to estimate the efficiency and fit the invariant mass spec-

trum. Fig. 4 (left) shows the χ2
4C+PID distribution with and without the correction in MC

and in data. The distribution of χ2
4C+PID with correction is closer to the data than without

correction. However, the agreement is not perfect, and we take the systematic uncertainty

to be the difference of the efficiency between MC before and after correction [18]. The com-

parison is shown in Fig. 4 (right). The systematic uncertainty from kinematic fitting is 2%

with χ2
4C+PID < 60.

We also change the form of the damping factor, the value of the FSR scale factor and

the number of events for ψ(3686) → π0K0
SK

±π∓π+π− to estimate the uncertainties in the

branching fraction, which is the same as the method to estimate the uncertainties of ηc(2S)

mass and width. The total number of ψ(3686) events is estimated by the inclusive hadronic

events, and the uncertainty is 0.8% [9].

To estimate the uncertainty due to the ηc(2S) width, we change the ηc(2S) width of

9.9 MeV/c2 by 1σ to 5.1 MeV/c2 and 14.7 MeV/c2 in the MC simulation. Comparing

the efficiencies with 11.1%, which is used in calculating the branching fraction, we find a

difference of 3%.

For the uncertainty from intermediate states, we generate MC samples including these

states (K∗(892), ρ) and compare the corresponding efficiencies. We take the 5% difference

as the uncertainty.
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FIG. 4: [left panel]The χ2
4C+PID distribution with and without the correction in MC and in data.

The black dots show the distribution of χ2
4C+PID

in the data, the orange dashed (green solid)

histogram represents the distributions of χ2
4C+PID

without (with) correction in MC. [right panel]

Efficiency results with and without correction at different χ2
4C+PID

cuts.

We assume that all the sources of systematic uncertainties are independent and the overall

systematic uncertainties are obtained by adding all single ones in quadrature.

VI. CONCLUSION

We observe the decay mode ηc(2S) → K0
SK

±π∓π+π− and establish the M1 transition

of ψ(3686) → γηc(2S) using this decay mode. The mass of the ηc(2S) is measured to be

3646.9 ± 1.6(stat) ± 3.6(syst) MeV/c2, and the width is 9.2 ± 4.8(stat) ± 2.9(syst) MeV.

Comparing with BESIII previous measurements [8], the width is consistent with each other

within 1 standard deviation and the mass is about 2 standard deviation. The product

branching fraction is measured to be B(ψ(3686) → γηc(2S))×B(ηc(2S) → K0
SK

±π∓π+π−)

= (7.03 ± 2.10(stat) ± 0.70(syst)) × 10−6. The statistical significance is greater than 4

standard deviation.

To compare with the BABAR results [6],

B(ηc(2S) → K+K−π+π−π0)

B(ηc(2S) → K0
SK

±π∓)
= 2.2± 0.5± 0.5, (4)

we take the value of (4.31± 0.75)× 10−6 as measured by BESIII for B(ψ(3686) → γηc(2S))×
B(ηc(2S) → K0

SK
±π∓) [8], and assuming that

B(ηc(2S) → K+K−π+π−π0)

B(ηc(2S) → K0
SK

±π∓π+π−)
= 1.52, (5)
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where the value 1.52 is calculated in χcJ decays, which has the same isospin, we obtain

B(ηc(2S) → K+K−π+π−π0)

B(ηc(2S) → K0
SK

±π∓)
= 1.52· B(ηc(2S) → K0

SK
±π∓π+π−)

B(ηc(2S) → K0
SK

±π∓)
= 2.48±0.56±0.33. (6)

These two results are consistent with each other after considering the statistical and sys-

tematic uncertainties.
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