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Abstract: Using data samples collected at center-of-mass energies of /s=4.009, 4.230, 4.260, and 4.360 GeV with
the BESIII detector operating at the BEPCII collider, we perform a search for the process e"e™ —vyxcs (J=0, 1, 2)

041001-3



Chinese Physics C Vol. 39, No. 4 (2015) 041001

and find evidence for eTe™ —yxc1 and eTe” —yye2 with statistical significances of 3.0c and 3.4, respectively. The

Born cross sections o® (et

at each center-of-mass energy.

Key words:

PACS: 14.40.Pq, 13.25.Gv, 13.66.Bc

1 Introduction

The charmonium-like state Y(4260) was first ob-
served in the initial state radiation (ISR) process ete™ —
msr7t e J /P by BaBar [1], and later confirmed by the
CLEO [2] and Belle [3] experiments. Recently, both
BaBar and Belle updated their results with full data sets,
and further confirmed the existence of the Y(4260) [4, 5].
Since it is produced through ISR in eTe™ annihilation,
the Y(4260) has the quantum numbers J”“=1"". How-
ever, there seems to be no c¢ slot available for the
Y (4260) in the conventional charmonium family [6]. In
addition, a number of unusual features, such as a strong
coupling to hidden-charm final states, suggest that the
Y(4260) is a non-conventional ¢¢ meson. Possible inter-
pretations of this state can be found in Refs. [7-11], but
all need further experimental input.

Most of the previous studies of the Y(4260) have
utilized hadronic transitions. Except for the clear sig-
nal observed in the 77t~ J/{ decay mode, the Belle
experiment failed to find evidence of the Y(4260) via
the ete™ — vsrnJ /Y process [12]. Based on 13.2 pb~!
of eTe™ data collected at /s = 4.260 GeV, the CLEO
experiment investigated fourteen hadronic decay chan-
nels, but the only charmonium channels with more than
30 statistical significance are wrn=J/{, n°n°J /P and
K+tK~J/¥ [13]. The BESIII Collaboration first observed
the process ete™ —yX(3872) using data samples taken
between /s =4.009 and 4.420 GeV [14], which strongly
supports the existence of the radiative transition decays
of the Y(4260). To further understand the nature of the
Y (4260) state, an investigation into the radiative tran-
sitions between the Y (4260) and other lower mass char-
monium states, like the x.; (J =0, 1, 2), is important
[15, 16]. The cross sections of ete™ — yx.; have been
evaluated theoretically within the framework of non-
relativistic quantum chromodynamics (NRQCD) [16].
Experimentally, the only existing investigation comes
from the CLEO experiment [13], which did not observe a
signal. The large data sample collected with the BESIII
detector provides a good opportunity to deeply investi-
gate these decay modes, which may shed more light on
the properties of the Y(4260).

In this paper, we report on a search for ete™ —yx.,
(J =0, 1, 2) based on the large ete™ annihilation data
samples collected with the BESIII detector at center-
of-mass energies (CME) /s =4.009, 4.230, 4.260, and

e~ —7YXes), as well as their upper limits at the 90% confidence level (C.L.) are determined

heavy quarkonia, decays of hadronic, electron-positron collisions, hadron production by

DOI: 10.1088/1674-1137/39/4/041001

4.360 GeV, where the x.; is reconstructed by its yJ /i
decay mode, and the J/1 is by its decay to utp~. The
decay J/{—ete™ is not considered in this analysis due
to the high background of Bhabha events. The corre-
sponding luminosities of the data samples at different
CME used in this analysis are listed in Table 1.

Table 1. The center-of-mass energy and Luminos-
ity of each data sample.

\/5/GeV luminosity /pb~!
4.009 482
4.230 1047
4.260 826
4.360 540

2 BESIII detector and Monte Carlo

The BESIII detector at the BEPCII collider [17] is a
large solid-angle magnetic spectrometer with a geomet-
rical acceptance of 93% of 47 solid angle consisting of
four main components. The innermost is a small-cell,
helium-based (40% He, 60% C3Hg) main drift chamber
(MDC) with 43 layers providing an average single-hit
resolution of 135 wm. The resulting charged-particle
momentum resolution for a 1 T magnetic field setting
is 0.5% at 1.0 GeV/e, and the resolution on the ioniza-
tion energy loss information (dE/dz) is better than 6%.
The next detector, moving radially outwards, is a time-
of-flight (TOF) system constructed of 5 cm thick plastic
scintillators, with 176 detectors of 2.4 m length in two
layers in the barrel and 96 fan-shaped detectors in the
end-caps. The barrel (end-cap) time resolution of 80 ps
(110 ps) provides a 20 K/m separation for momenta up
to 1.0 GeV/e. Continuing outward, we have an electro-
magnetic calorimeter (EMC) consisting of 6240 CsI(T1)
crystals in a cylindrical barrel structure and two end-
caps. The energy resolution at 1.0 GeV is 2.5% (5%)
and the position resolution is 6 mm (9 mm) in the barrel
(end-caps). Finally, the muon counter consists of 1000
m? of Resistive Plate Chambers in nine barrel and eight
end-cap layers, which provides a 2 cm position resolution.

A GEANT4 [18] based Monte Carlo (MC) simula-
tion software, which includes the geometric description
of the detector and the detector response, is used to op-
timize the event selection criteria, determine the detec-
tion efficiency, and estimate the potential backgrounds.
Signal MC samples of eTe™ — yx.; are generated for
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each CME according to the electric-diplole (E1) tran-
sition assumption [19]. Effects of ISR are simulated
with KKMC [20] by assuming that yX.; is produced via
Y(4260) decays, where the Y(4260) is described by a
Breit-Wigner function with resonance parameters from
the world average [21]. For the background studies, an
‘inclusive’ Y(4260) MC sample equivalent to 500 pb~*
integrated luminosity is generated which includes the
Y (4260) resonance, ISR production of the known vector
charmonium states, and events driven by QED processes.
The known decay modes are generated with EvtGen [19]
with branching fractions set to their world average val-
ues in the Particle Data Group (PDG) [22], and the re-
maining events are generated with Lundcharm [23] or
PYTHIA [24].

3 Event selection

Charged tracks are reconstructed in the MDC. For
each good charged track, the polar angle must satisfy
|cosf| < 0.93, and the point of closest approach to the
interaction point must be within +10 cm in the beam di-
rection and within 1 cm in the plane perpendicular to
the beam direction. The number of good charged tracks
is required to be two with a zero net charge. Charged
tracks are identified as muons if they have E/p < 0.35
c and p>1.0 GeV/c, where E is the energy deposited
in the EMC and p is the momentum measured by the
MDC.

Photons are reconstructed from isolated showers in
the EMC that are at least 20 degrees away from any of
the charged tracks. To improve the reconstruction effi-
ciency and the energy resolution, the energy deposited
in the nearby TOF counters is included. Photon candi-
dates are required to have energy greater than 25 MeV in
the EMC barrel region (|cosf|<0.8), and 50 MeV in the
end-cap region (0.86 <|cos#|<0.92). In order to suppress
electronic noise and energy deposits that are unrelated
to the event, the EMC time ¢ of the photon candidates
must be in coincidence with collision events within the
range 0 <t <700 ns. At least two photon candidates in
the final state are required.

To improve the momentum resolution and to reduce
backgrounds, a kinematic fit with five constraints (5C-
fit) is performed under the ete™ — yyuTu~ hypothe-
sis, imposing overall energy and momentum conservation
and constraining the invariant mass of p* = to the nom-
inal J/{ mass. Candidates with a x%. <40 are selected
for further analysis. If more than one candidate occurs in
an event, the one with the smallest xZ2 is selected. Due
to the kinematics of the reaction, the first radiative pho-
ton from ete™ —yX.,; has a high energy while the second
radiative photon from x.; —7vyJ/1{ has a lower energy at
V/s=4.230, 4.260, and 4.360 GeV. The invariant mass of

the low energy photon and J/1, M,;y,, is used to search
for x.; signals. However, for the data sample taken at
/5 =4.009 GeV, there is an overlap of the energy dis-
tributions of the photons from e*e™ — yX.12 and from
Xe1,2 decays, as shown in Fig. 1. To separate the over-
lapping photon spectra, the energy of photons from X.; »
decays is further required to be less than 0.403 GeV at
\/5=4.009 GeV.
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Fig. 1. The distributions of photon energies in

the laboratory frame from eTe™ — yxc1,2 and

from Xc1,2 decays in the exclusive MC samples
of eTe™ —vXet1, Xe1 —YJ/UP (a) and eTe™ —yxca,
X2 —vJ /U (b) at 1/s=4.009 GeV. Dashed lines
stand for the first radiative photons from e™
YXec1,2 and solid lines for the second radiative pho-
tons from Xc1,2 decays.

e —

4 Background study

The potential backgrounds from ete™ — P+ J/1,
P—vyy (P=n"n, or ') can be rejected by requiring
|M,, —M.o|>0.025 GeV/c?, |M,,—M,|>0.03 GeV/c?
and |M,,—M,,|>0.02 GeV/c?, where M,, is the invari-
ant mass of two selected photons. The background from
ete” —yisrP(29), P(2S5) —vX., is rejected by applying
the 5C kinematic fit. After imposing all the selection
criteria above, the remaining dominant background is
from radiative dimuon events, which is not expected to
peak in the M, ;,,, distribution. This has been validated
by a dedicated simulation study. For other remaining
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backgrounds, such as eTe™ — n°7°J /1, only 3.8 events
(normalized to data luminosity) survive and can be ne-

glected.

5 Fit to the mass spectrum

The resulting M, y, distributions, after applying the
above selection criteria, at \/s=4.009, 4.230, 4.260 and
4.360 GeV are shown in Fig. 2. An unbinned maximum
likelihood fit of the M, ;,y, distribution is performed to

Fig. 2.

Table 2.
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extract the numbers of x.; signal events. In the fit, the
shapes of the x.; signals are described by double Gaus-
sian functions, where the means and the standard devi-
ations of the double Gaussian functions are determined
from a fit to the corresponding signal MC samples at
v/$=4.260 GeV. These shapes are also used for the other
three CME points, as the resolution varies only mildly
between /s=4.009-4.360 GeV. This has been validated
by MC simulation. Since the dominant background

)
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The distribution of yJ/\ invariant mass, My;,y, and fit results for data at /s=4.009 (a), 4.230 (b), 4.260
(c) and 4.360 GeV (d). The solid lines show the total fit results. The Xcs signals are shown as dashed lines, dotted
lines, and dash-dotted lines, for J = 0, 1, and 2, respectively. The backgrounds are indicated by red dashed lines.

The results on e

+

e~ — yXcs Born cross section measurement. Shown in the table are the significance
o, detection efficiency e, number of signal events from the fits N°P%, radiative correction factor (14-6"), vacuum
polarization factor (1+46%), upper limit (at the 90% confidence level (C.L.)) on the number of signal events N,
Born cross section o and upper limit (at the 90% C.L.) on the Born cross section ¢"% at different CME points.
The first uncertainty of the Born cross section is statistical, and the second systematic.

V's/GeV Nobs significance (o) NUP e (%) 1467 14467 a"P /pb o8 /pb
Xco 7.0£6.6 1.6 18 36.4+0.2 179 65.0+61.3+£4.2
4.009 Xcl 4.442.6 2.2 9 23.440.1 0.738 1.04 5.3 2.4+1.4+0.2
Xc2 1.84+1.7 1.5 6 8.740.1 18 4.744.440.6
Xco 0.2£2.3 0.0 7 37.240.2 26 0.7£8.0+0.1
4.230 Xel 6.7+£4.3 1.9 14 44.440.2 0.840 1.06 1.7 0.740.5+0.1
Xc2 13.3+5.2 2.9 22 42.01+0.2 5.0 2.7£1.1£0.3
Xco 0.1£1.9 0.0 5 36.7+0.2 25 0.5£8.8+0.1
4.260 Xcl 3.0£3.0 1.1 7 42.740.2 0.842 1.06 1.1 0.4+£0.4+0.1
Xc2 7.5+3.9 2.3 14 41.740.2 4.2 2.0+£1.1£0.2
Xc0 0.14+0.7 0.0 3 32.4+0.2 23 0.745.0+0.1
4.360 Xel 5.2+4.9 2.4 10 31.7+0.2 0.943 1.05 2.9 1.441.34+0.1
Xc2 4.444.5 2.0 9 30.3+0.2 5.0 2.3+£2.3+0.2
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Table 3. Summary of systematic uncertainties at 1/s=4.009, 4.230, 4.260, and 4.360 GeV(%).

Vs/GeV 4.009 4.230 4.260 4.360
sources Xc0 Xcl Xc2 Xc0 Xcl Xc2 Xc0 Xcl Xc2 XcO0 Xcl Xc2
luminosity 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
tracking efficiency 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
photon detection 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
kinematic fit 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
branching ratio 4.8 3.6 3.7 4.8 3.6 3.7 4.8 3.6 3.7 4.8 3.6 3.7
vacuum polarization factor 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
XcJ mass resolution 0.3 2.0 7.4 0.0 7.7 7.8 0.0 4.3 6.5 0.0 1.1 2.0
XcJ mass 0.0 0.9 1.4 0.0 0.3 0.2 0.0 0.1 0.1 0.0 0.3 0.4
MC model 0.0 2.2 3.9 0.0 1.2 3.3 0.0 1.9 2.9 0.0 1.5 2.1
fit range 0.1 2.2 2.6 0.0 1.5 2.3 0.0 3.1 2.5 0.0 3.0 3.7
background shape 0.0 3.1 5.6 0.0 0.7 0.3 0.0 1.1 0.4 0.0 0.9 0.1
radiative correction factor 3.0 2.7 3.6 2.6 3.1 2.1 3.5 2.1 2.5 1.8 3.4 3.8
total 6.5 7.3 12.1 6.3 9.8 10.2 6.7 7.7 9.3 6.0 6.9 7.7

comes from radiative dimuon events, the correspond-
ing MC simulation is used to represent the background
shape. To reduce the effect of statistical fluctuations, the
dimuon MC shape is smoothed before it is taken as the
background function. Fig. 2 also shows the fitted results
for the M, ;,y, distribution at different CME. The number
of fitted x.; signal events, as well as the corresponding
statistical significances (calculated by comparing the fit
log likelihood values with and without the X, signal) at
the four CME points are listed in Table 2. The same
fit is applied to the sum of M,;,y, distributions of the
four CME points. The statistical significances for X.o,
Xe1 and Xeo are found to be 1.20, 3.00 and 3.40, respec-
tively. The goodness of the fit is estimated by using a x>
test method with the data distributions regrouped to en-
sure that each bin contains more than 7 events. The test
gives x?/d.0.f=39.7/32, where d.o.f is the number of de-
grees of freedom. As a test, we perform similar analyses
to control samples from the J/1 sideband regions, 2.917
< M+, < 3.057 GeV/c* and 3.137 < M+, < 3.277
GeV/c?, by constraining the invariant mass of ptp~ to
2.987 or 3.207 GeV/c? in 5C-fit, and find no obvious X.;
signals.

6 Results

The Born cross section at different CME is calculated
with
Nobs
; )
L-(1407)-(1467)-B-e

o®(ete” —yxes)=

where N°P® is the number of observed events obtained
from the fit, £ is the integrated luminosity, 144" is the
radiative correction factor for x.; with the assumption
that the ete™ — yX.; cross section follows the Y(4260)
Breit-Wigner line shape [25], 146" is the vacuum po-
larization factor [26], B is the combined branching ratio
of X.g —vJ/¥ and J/P — ptu~, and € is the detection

efficiency. The detection efficiencies, radiative correction
factors as well as the calculated Born cross sections at
different CME are shown in Table 2. The much lower
efficiencies for x. o at /s=4.009 GeV are due to the
requirement on the photon energy used to separate the
overlapping photon spectra as described in Section 3.

Since the x.; signals are not statistically significant
at the individual CME points, we also give in Table 2
the upper limits on the Born cross sections at the 90%
confidence level (C.L.) under the assumption that no sig-
nals are present. The upper limits are derived using a
Bayesian method [21], where the efficiencies are lowered
by a factor of (1—oy,,) to take systematic uncertainties
into account.

We also perform a simultaneous fit to the M, dis-
tribution at 1/s=4.009, 4.230, 4.260, and 4.360 GeV, as-
suming the production cross section of eTe™ —yx.; at a
different CME point follows the line shape of the Y (4260)
state. In the fit, the line shapes of the x.; signals and
the background are the same as those in the previous
fits, and the number of x.; events at each CME point is
expressed as a function of €., Lo Rem (14+67), where
€em. and L. ., are the detection efficiency and luminos-
ity, respectively, and R, . is the ratio of the cross section
calculated with the Y(4260) line shape (a Breit-Wigner
function with parameters fixed to the PDG values) at
different CME points to that at /s=4.260 GeV. The
corresponding fit result is shown in Fig. 3. The goodness
of the fit is x?/d.o.f =53.3/40 and the statistical signifi-
cances for X, Xc1 and X2 signals are 0o, 2.40 and 4.00,
respectively. We also found that I'+.- x B(Y(4260) —
YXe1) =(0.11£0.06) eV and I+, x B(Y(4260) — yXc2)
=(0.33£0.11) eV.

7 Systematic uncertainties

The systematic uncertainties in the cross section mea-
surements of eTe™ —yx.; are caused by various sources
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events/( 10 MeV/c?)
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M,y /(GeVic?)
Fig. 3. Result of the simultaneous fit to M,y dis-

tributions for all CME data sets assuming that the
signals are from decays of the Y(4260). The blue
solid line is the total fit result. The xcs signals
are shown as dotted line and dash-dotted line, re-
spectively, and the background is shown as the
red dashed line.

which all the channels have partially in common. The
common sources of systematics include the luminos-
ity measurement, reconstruction efficiencies for charged
tracks and photons, the vacuum polarization factor, kine-
matic fit and branching fractions of the decay of the in-
termediate states. The systematic uncertainty due to
the luminosity measurement is estimated to be 1.0% us-
ing Bhabha events [14]. The uncertainty related to the
track reconstruction efficiency of high-momentum muons
is 1.0% per track [27]. The systematic uncertainty re-
lated to the photon detection is estimated to be 1.0%
per photon [14]. The systematic uncertainty due to 5C-
fit is 0.6%, obtained by studying a control sample of
¥(25) = 1nJ/YP decays. The uncertainty related to the
branching fractions of x., and J/1{ decays are taken from
the PDG [21]. The uncertainty for the vacuum polariza-
tion factor is 0.5% [26].

The other systematic uncertainties arising from the
Xes mass resolution, the shift of the x.; reconstructed
mass, the MC model, the shape of the background, the
radiative correction factor and the fit range at different
CME points are discussed below.

The {(2S5) —yX.s channel is employed as a control
sample to extract the differences on the mass resolution
of the x.; signal by fitting the M, ;,y, spectrum. The dif-
ferences in the mass resolutions between data and MC
are found to be 0.02%, 0.01%, 0.2% for x.; (J =0, 1,
2). A similar fit is performed, in which the signal shapes
are smeared to compensate for the mass resolution differ-
ence, and the differences on the yields of x.; signal are
taken as the systematic uncertainties due to the mass
resolution.

An alternative fit is performed shifting the mean of
Xes signal shapes by one standard deviation of the PDG

values, and the deviations of the signal yields to the nom-
inal values are taken as the systematic uncertainties due
to the uncertainties of the signal line shapes.

The detection efficiency is evaluated using MC sam-
ples based on the El transition assumption [19] for
Y (4260)— yXcs- Another set of MC samples is gener-
ated where the Y(4260)—vyX.,; decay is modeled using a
phase space distribution, and the differences of the detec-
tor efficiencies between the two sets of MC samples are
treated as systematic uncertainties from the MC model.

To estimate the systematic uncertainty related to the
background shape, a control sample is selected from the
data by requiring a p*p~ pair and at least one photon.
An alternative background shape is then extracted by
re-weighting the yutu™ invariant mass spectrum of the
control sample, where the weights are the efficiency ra-
tio of ete™ — (ny)utu~ MC simulated events surviving
the signal selection criteria to the same selection criteria
for the control sample. A fit with the alternative back-
ground shape is performed, and the differences between
the yields of x.; signal to the nominal ones are taken
as the systematic uncertainties due to the shape of the
background.

The possible distortions of the Y(4260) line shape
due to interference effects with nearby resonances could
introduce uncertainties in the radiative correction factor
ex (1+67). To estimate the related systematic uncer-
tainties, we instead assume that ete™ — yX., are pro-
duced via P(4040) decays at /s=4.009 GeV, 1 (4160)
decays at v/s=4.229 and 4.260 GeV, and ) (4415) decays
at /s=4.360 GeV. The variations in the factor ex(1+4")
are taken as the systematic uncertainties due to the ra-
diative correction factor.

A series of similar fits are performed in different
ranges of the M,/ distribution, and the largest dif-
ferences on the signal yields to the nominal values are
taken as systematic uncertainties.

All the systematic uncertainties from the different
sources are summarized in Table 3. The total system-
atic uncertainties are calculated as the quadratic sum of
all individual terms.

8 Summary

Using data samples collected at CME of /s=4.009,
4.230, 4.260, and 4.360 GeV with the BESIII detector,
we perform a search for ete™ —vyx., (J=0, 1, 2) with the
subsequent decay x.;—vJ/{ and J/p—ptu~. We find
evidence for the processes eTe™ —yx,, and ete™ —yXc2
with statistical significances of 3.0c and 3.40, respec-
tively. No evidence of ete™ — yX is observed. The
corresponding Born cross sections of ete™ —yx., at dif-
ferent CME are calculated and listed in Table 2. Under
the assumption of the absence of X.; signals, the upper
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limits on the Born cross sections at the 90% C.L. are
calculated and listed in Table 2, too. These upper limits
on the Born cross section of eTe™ —7yx., are compatible
with the theoretical prediction from an NRQCD calcu-
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