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Abstract We search for ψ(3770) → π+π−η, K+K−η,
pp̄η, ρ0π+π−η, K+K−π+π−η, pp̄π+π−η, pp̄K+K−η

and pp̄K+K−π0 using data samples of 17.3 and 6.5 pb−1

integrated luminosities recorded at the center-of-mass en-
ergies of 3.773 and 3.65 GeV, respectively, by the BES-II

detector operating at the BEPC collider. We obtain cross
section measurements at both energies and upper limits on
ψ(3770) decay branching fractions to the final states stud-
ied.
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1 Introduction

The ψ(3770) has been thoroughly studied. It is popularly in-
terpreted as a mixture of D-wave and S-wave of a cc̄ bound
state [1]. Since it lies just above the open charm pair DD̄

threshold but below D̄D∗ threshold, it was thought to al-
most entirely decay into DD̄ meson pairs [2]. Under the as-
sumption that there is only one single ψ(3770) resonance
in the energy range from 3.70 to 3.89 GeV, the BES Col-
laboration measured the branching fraction for ψ(3770) →
non-DD̄ decays to be (14.7 ± 3.2)% [3–7]. So far, how-
ever, the sum of the exclusive non-DD̄ decay branching
fractions measured by both the BES and CLEO Collabora-
tions remains to be less than 2% [8–21]. The anomalously
large branching fraction for ψ(3770) → non-DD̄ decays
indicates that, either the conventional knowledge about the
ψ(3770) production and decays may need to be improved,
or there are new structures or new dynamics effects at the
considered energies [22, 23], or there may exist other exclu-
sive non-DD̄ decays of the ψ(3770) not yet detected. In ex-
periments, it is important to investigate more exclusive light
hadron processes produced in e+e− annihilation at and off
the ψ(3770) resonance peak. By comparing the measured
cross sections at and off the ψ(3770) resonance peak, one
may derive some helpful information about the non-DD̄ de-
cays of ψ(3770).

In this paper, we report experimental studies of the
charmless processes e+e− → π+π−η, K+K−η, pp̄η,
ρ0π+π−η, K+K−π+π−η, pp̄π+π−η, pp̄K+K−η and
pp̄K+K−π0 at

√
s = 3.773 and 3.65 GeV.

2 The BES-II detector

BES-II is a conventional cylindrical magnetic detector
[24, 25] operated at the Beijing Electron-Positron Col-
lider (BEPC). A 12-layer vertex chamber (VC) surround-
ing the beryllium beam pipe provides input to the event
trigger, as well as coordinate information. A forty-layer
main drift chamber (MDC) located just outside the VC
yields precise measurements of charged particle trajecto-
ries with a solid angle coverage of 85% of 4π ; it also pro-
vides ionization energy loss (dE/dx) measurements which
are used for particle identification. Momentum resolution of
1.7%

√
1 + p2 (p in GeV/c) and dE/dx resolution of 8.5%

for Bhabha scattering electrons are obtained for the data
taken at

√
s = 3.773 GeV. An array of 48 scintillation coun-

ters surrounding the MDC measures the time of flight (TOF)
of charged particles with a resolution of about 180 ps for
electrons. Outside the TOF, a 12 radiation length, lead-gas
barrel shower counter (BSC), operating in limited streamer
mode, measures the energies of electrons and photons over
80% of the total solid angle with an energy resolution of

σE/E = 0.22/
√

E (E in GeV) and spatial resolutions of
σφ = 7.9 mrad and σz = 2.3 cm for electrons. A solenoidal
magnet outside the BSC provides a 0.4 T magnetic field in
the central tracking region of the detector. Three double-
layer muon counters instrument the magnet flux return and
serve to identify muons with momentum greater than 0.5
GeV/c. They cover 68% of the total solid angle.

3 Data and Monte Carlo

The analyzed data samples correspond to 17.3 pb−1 and
6.5 pb−1 integrated luminosities, which were collected at√

s = 3.773 and 3.65 GeV, respectively, with the BES-II de-
tector at the BEPC collider. These data samples were taken
during 2001 and 2003. Throughout this paper we denote the
two data sets the ψ(3770) and the continuum data, respec-
tively.

For the determination of the detection efficiency and the
estimation of the background, we generate Monte Carlo
events of e+e− → exclusive light hadrons by using a phase
space generator based on the Monte Carlo simulation for
the BES-II detector [26]. The generator, which was used
in previous analyses [10–15], includes initial state radiation
(ISR) and photon vacuum polarization corrections [27] with
1/s cross section energy dependence. The generator also in-
cludes final state radiation [28], decreasing the detection ef-
ficiency by less than 0.5%.

4 Analysis

To select candidate events for the processes e+e− →
π+π−η, K+K−η, pp̄η, ρ0π+π−η, K+K−π+π−η,
pp̄π+π−η, pp̄K+K−η and pp̄K+K−π0, we reconstruct
the π0, η and ρ0 particles through the decays π0 → γ γ ,
η → γ γ and ρ0 → π+π−, respectively.

4.1 Criteria of event selection

For the event selection, we require that there are at least two
or four charged tracks in each event. All charged tracks used
in this analysis are required to be well reconstructed in the
MDC with good helix fits. They are required to be within
| cos θ | < 0.85, where θ is the polar angle with respect to
the beam axis, and to originate from the interaction region√

V 2
x + V 2

y < 2.0 cm and |Vz| < 20.0 cm, where, Vx , Vy and

Vz are the x, y and z coordinates of the point of the closest
approach of the charged track relative to the beam axis. For
each charged track, the combined dE/dx and TOF mea-
surements are used to calculate the χ2(= χ2

dE/dx + χ2
TOF)

values and the corresponding confidence levels for the hy-
potheses that the particle is a pion, kaon, or proton (CLπ ,
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CLK and CLp). If the combined confidence level CLπ for
a pion hypothesis is greater than 0.001, it is identified as a
pion. If the combined confidence level CLK for a kaon hy-
pothesis is greater than the combined confidence level CLπ

for a pion hypothesis, it is identified as a kaon. If the com-
bined confidence level CLp for a proton hypothesis satisfies
CLp/(CLπ + CLK + CLp) > 0.6, it is identified as a proton.

For each process, there are two photons in the final state.
To select the photons, we use the BSC measurement infor-
mation. A neutral cluster is considered a good photon if it
satisfies the following selection criteria. The energy of the
cluster deposited in the BSC is greater than 50 MeV, the
electromagnetic shower starts in the first five readout lay-
ers, the opening angle between the cluster and the nearest
charged track is greater than 22◦ [29–32] and the open-
ing angle between the cluster development direction and the
photon emission direction is less than 37◦ [29–32].

In order to improve track momentum resolution and sup-
press background, we perform an energy-momentum con-
servation kinematic fit on each accepted charged and neu-
tral track combination. Those combinations are retained if
the χ2 probability of the fit is greater than 0.01. For each
process, it is likely that there are more than one combination
satisfying the above selection criteria in each event. In this
case we choose the combination with the largest χ2 proba-
bility.

For the final states π+π−η and K+K−η, to veto the
background events from the process ψ(3686) → J/ψη

with J/ψ → μ+μ− or J/ψ → e+e−, which are produced
via initial state radiative return, we require that the in-
variant masses of the π+π− and K+K− combinations be
less than 3.0 GeV/c2, respectively. To suppress background
events from the process e+e− → (γ )e+e−, we require that
the sum of the energies deposited in the BSC of the two
charged tracks should be less than 1.1 GeV. To remove back-
ground events from the process e+e− → (γ )μ+μ−, we re-
quire that at least one of the two charged tracks be within
| cos θ | < 0.68 and have momentum greater than 0.5 GeV/c,
but it must not be identified as muon [9]. To study the
process e+e− → ρ0π+π−η, we calculate the π+π− invari-
ant masses Mπ+π− of the selected π+π−π+π−γ γ events,
with the fitted momentum vectors from the kinematic fit.
The mass window of |Mπ+π− − 0.7755| < 0.15 GeV/c2 is
taken as the ρ0 signal region.

4.2 Candidate events observed from the data

The γ γ invariant masses Mγγ of the selected π+π−γ γ ,
K+K−γ γ , pp̄γ γ , π+π−π+π−γ γ , K+K−π+π−γ γ ,
pp̄π+π−γ γ and pp̄K+K−γ γ candidates are calculated
with the fitted momentum vectors from the kinematic fit.
Figures 1 and 2 show the γ γ invariant masses for the can-
didate events of the processes studied. Using a Gaussian

Fig. 1 Distributions of the γ γ invariant masses for the selected
combinations of e+e− → (a) π+π−γ γ , (b) K+K−γ γ , (c) pp̄γ γ ,
(d) π+π−π+π−γ γ , (e) K+K−π+π−γ γ , (f) pp̄π+π−γ γ and
(g) pp̄K+K−γ γ from the ψ(3770) data (left) and the continuum data
(right), where the pair of arrows denotes the η signal region

function to describe the η signal and a flat background, we
fit the γ γ invariant mass spectra in Figs. 1(a), (a′), (c), (d),
(d′), (e) and (f). From the fits, we get the observed numbers
Nobs of events from the data.

In Fig. 1(e′) [(f′)], no obvious η signal is observed. There
are 10 (6) events in the η signal region, and 17 (5) events
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outside the η signal region. By supposing that the distribu-
tion of the combinatorial γ γ background is flat, 5.7 ± 1.4
(1.7 ± 0.7) background events are estimated in the η signal
region. After background subtraction, we obtain 4.3 ± 3.4
(4.3±2.6) events for e+e− → K+K−π+π−η (pp̄π+π−η)
observed from the continuum data. In the other figures, only
a few events are observed. We obtain the numbers Nobs of

Fig. 2 Distributions of the γ γ invariant masses for the selected com-
binations of e+e− → pp̄K+K−γ γ from the ψ(3770) data (left) and
the continuum data (right), where the pair of arrows denotes the π0

signal region

events by counting the events with Mγγ in the η or π0 sig-
nal region. The mass window of |Mγγ − Mη/π0 | < 3σM

η/π0

is taken as the η/π0 signal region, where Mη/π0 is the η/π0

nominal mass [7], σM
η/π0 is the η/π0 mass resolution deter-

mined by the Monte Carlo simulation.
The numbers of observed events together with the ex-

pected backgrounds for all final states studied are quoted in
the second and third columns of Tables 1 and 2.

4.3 Background estimation

At
√

s = 3.773 and 3.65 GeV, the exclusive light hadron
processes are produced from e+e− annihilation contin-
uum. However, J/ψ and ψ(3686) decays are also pro-
duced due to initial state radiative return. These decays may
contaminate the exclusive light hadron processes. Due to
the misidentification between charged kaon and pion, the
other exclusive light hadron processes may also contam-
inate the processes in question. The ψ(3770) decays, in-
cluding the final states of DD̄, J/ψπ+π−, J/ψη, J/ψπ0

and γχcJ (J = 0,1,2), may also contaminate the processes
under study. We estimate the number of such background
events as in Refs. [10–15] from the Monte Carlo simulation

Table 1 Observed cross sections measured at
√

s = 3.773 GeV, where,
Nobs is the observed number of events, Nb is the number of all the
background events, Nnet is the number of signal events, Nup is the
upper limit on the number of events at 90% C.L., ε is the detection

efficiency, δsys is the relative systematic error, σ is the observed cross
section and σ up is the observed cross section upper limit set at 90%
C.L.

e+e− → Nobs Nb Nnet (or Nup) ε [%] δsys [%] σ (or σ up) [pb]

π+π−η 12.5 ± 5.1 0.8 ± 0.6 11.7 ± 5.1 11.90 ± 0.17 11.5 14.5 ± 6.3 ± 1.7

K+K−η 3 – <7.42 5.68 ± 0.11 8.9 <21.1

pp̄η 5.8 ± 2.7 1.0 ± 0.2 4.8 ± 2.7 16.19 ± 0.19 11.0 4.4 ± 2.5 ± 0.5

ρ0π+π−η 41.8 ± 7.6 0.4 ± 0.1 41.4 ± 7.6 4.83 ± 0.10 11.5 126.0±23.1±14.5

K+K−π+π−η 18.0 ± 6.3 1.9 ± 0.6 16.1 ± 6.3 3.76 ± 0.09 12.2 63.0 ± 24.6 ± 7.7

pp̄π+π−η 6.9 ± 3.3 0.3 ± 0.0 6.6 ± 3.3 6.54 ± 0.12 13.0 14.8 ± 7.4 ± 1.9

pp̄K+K−η 0 – <2.44 0.88 ± 0.03 12.6 <46.6

pp̄K+K−π0 0 – <2.44 1.99 ± 0.06 12.4 <8.2

Table 2 Observed cross sections measured at
√

s = 3.65 GeV, where, the symbols in this table have the same definitions as those in Table 1

e+e− → Nobs Nb Nnet (or Nup) ε [%] δsys [%] σ (or σ up) [pb]

π+π−η 8.6 ± 3.8 0.2 ± 0.2 8.4 ± 3.8 12.96 ± 0.17 10.1 25.4±11.5±2.6

K+K−η 0 – <2.44 6.03 ± 0.11 8.9 <17.4

pp̄η 1 – <4.36 16.99 ± 0.19 8.3 <11.0

ρ0π+π−η 10.7 ± 4.1 0.0 ± 0.0 10.7 ± 4.1 4.87 ± 0.10 11.5 86.0±32.9±9.9

K+K−π+π−η 4.3 ± 3.4 0.3 ± 0.3 4.0 ± 3.4 3.99 ± 0.09 13.5 39.2±33.3±5.3

pp̄π+π−η 4.3 ± 2.6 0.0 ± 0.0 4.3 ± 2.6 6.39 ± 0.12 12.3 26.3±15.9±3.2

pp̄K+K−η 0 – <2.44 0.149 ± 0.007 13.0 <736.7

pp̄K+K−π0 0 – <2.44 1.59 ± 0.04 12.4 <27.3
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(see Ref. [10] for more details). The expected background
abundances, Nb, are given in the third columns of Tables 1
and 2.

5 Observed cross sections

In this analysis we ignore possible interference between res-
onance and continuum production, and neglect the differ-
ence of the vacuum polarization corrections at

√
s = 3.773

and 3.65 GeV. The observed cross section for the process
e+e− → f (f denotes a exclusive light hadron final state)
can be determined by

σe+e−→f = Nnet

L × ε × B(η/π0 → γ γ )
, (1)

where, Nnet is the number of signal events for e+e− → f ,
L is the integrated luminosity of the data collected, ε is the
efficiency for detection of the exclusive process, B(η/π0 →
γ γ ) is the branching fraction for η/π0 → γ γ .

The measured cross sections are quoted in the last
columns of Tables 1 and 2, where the first error given is sta-
tistical and the second systematic. The latter error includes
uncertainties in the integrated luminosity (∼2.1% [4]), the
photon selection (∼2.0% per photon), the tracking effi-
ciency (∼2.0% per track), the particle identification (∼0.5%
per pion or kaon, ∼2.0% per proton), the kinematic fit
(∼1.5% [32]), the Monte Carlo statistics (∼[1.1–4.7]%),
the background estimation (∼[0–7.0]%), the fit to the mass
spectrum (∼[0–5.8]%), and the Monte Carlo modeling
(∼6.0% [10]).

For other processes, however, only a few events are ob-
served in the data. We set upper limits σ up on their observed
cross sections at 90% C.L., which are also quoted in the last
columns of Tables 1 and 2. In this procedure, upper limits on

the observed numbers of events for these processes are set
by using the Feldman-Cousins method [33] and neglecting
background.

6 Upper limits on the observed cross section
and the branching fraction for ψ(3770) → f

Assuming that there are no other unknown structures and
dynamics effects in addition to a single ψ(3770) between
3.70 and 3.89 GeV, we can determine the observed cross
section for ψ(3770) → f at

√
s = 3.773 GeV by

σψ(3770)→f = σ 3.773 GeV
e+e−→f

− fs × σ 3.65 GeV
e+e−→f

, (2)

where, σ 3.773 GeV
e+e−→f

and σ 3.65 GeV
e+e−→f

are the observed cross sec-

tions for e+e− → f measured at
√

s = 3.773 and 3.65 GeV,
respectively; fs is the normalization factor for 1/s depen-
dence of the cross section. The results on the numbers of
σψ(3770)→f for the final states π+π−η, pp̄η, ρ0π+π−η,
K+K−π+π−η and pp̄π+π−η are summarized in the sec-
ond column of Table 3, where the first error is statistical,
the second (third) energy-dependent (common) systematic
error. The energy-dependent systematic uncertainty is from
the uncertainties in the Monte Carlo statistics, the fit to the
mass spectrum and the background estimation, while the
common systematic uncertainty is from the other uncertain-
ties.

For some final states, such as K+K−η, pp̄K+K−η and
pp̄K+K−π0, no event is observed in the continuum data.
Upper limit σ

up
ψ(3770)→f on the observed cross section for

ψ(3770) → f is set by σ up, which is upper limit on the ob-
served cross section for e+e− → f at

√
s = 3.773 GeV set at

90% C.L. For other final states, however, σ
up
ψ(3770)→f is set

under the Gaussian distribution hypothesis for σψ(3770)→f .
These are quoted in the third column of Table 3.

Table 3 Upper limits Bup
ψ(3770)→f

on the branching fractions for
ψ(3770) → f set at 90% C.L. In the table, σψ(3770)→f is the ob-
served cross section for ψ(3770) → f , where the first error is the
statistical, the second is the energy-dependent systematic error and
the third is the common systematic error; σ

up
ψ(3770)→f is the upper

limit on σψ(3770)→f . For the processes K+K−η, pp̄K+K−η and
pp̄K+K−π0, σ

up
ψ(3770)→f is set by the observed cross section upper

limit σ up for e+e− → f at
√

s = 3.773 GeV set at 90% C.L.; for the
other processes, σ

up
ψ(3770)→f is set at 90% C.L. under a Gaussian dis-

tribution hypothesis

Decay mode σψ(3770)→f [pb] σ
up
ψ(3770)→f

[pb] Bup
ψ(3770)→f

[×10−3]

π+π−η −9.3±12.5±1.6±0.8 <15.8 <2.3

K+K−η – <21.1 <3.1

pp̄η 4.4 ± 2.5 ± 0.3 ± 0.4 <7.7 <1.1

ρ0π+π−η 45.5±38.5±3.3±5.1 <98.3 <14.5

K+K−π+π−η 26.3±39.7±4.0±3.0 <84.0 <12.4

pp̄π+π−η −9.8±16.6±0.8±1.2 <22.2 <3.3

pp̄K+K−η – <46.6 <6.9

pp̄K+K−π0 – <8.2 <1.2
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The observed cross section for ψ(3770) production at√
s = 3.773 GeV was measured to be σ obs

ψ(3770) = (7.15 ±
0.27 ± 0.27) nb [3, 10, 34] by the BES Collaboration. Up-
per limit on the branching fraction for ψ(3770) → f can be
determined by

Bup
ψ(3770)→f

= σ
up
ψ(3770)→f

σ obs
ψ(3770) × (1 − δ)

, (3)

which are quoted in the last column of Table 3. Here, the δ

is to consider the uncertainty of the measured σ obs
ψ(3770).

7 Summary

By analyzing the data samples of 17.3 and 6.5 pb−1 in-
tegrated luminosities taken at

√
s = 3.773 and 3.65 GeV

with the BES-II detector at the BEPC collider, we de-
rive cross sections or upper limits on cross sections for
the processes e+e− → π+π−η, K+K−η, pp̄η, ρ0π+π−η,
K+K−π+π−η, pp̄π+π−η, pp̄K+K−η and pp̄K+K−π0

at both energies. From these measurements, we extract up-
per limits on observed cross sections and branching fractions
for ψ(3770) decay into these final states at 90% C.L.
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