ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-201609.00216

Measurement of the efe™ — nJ/1 cross section
and search for ete” — 7'J/1¢ at center-of-mass
energies between 3.810 and 4.600 GeV postprint

Authors: Ablikim, M. and others
Date: 2016-09-09T00:00:00+00:00

Abstract

Using data samples collected with the BESIII detector operating at the BEPCII
collider at center-of-mass energies from 3.810 to 4.600 GeV, we perform a study
of e+e—— J/ and 0J/ . Statistically significant signals of e+e—— J/ are ob-
served at s/ = 4.190, 4.210, 4.220, 4.230, 4.245, 4.260, 4.360 and 4.420 GeV,
while no signals of e+e—— 0J/ are observed. The measured energy-dependent
Born cross section for e+e—— J/ shows an enhancement around 4.2~GeV. The
measurement is compatible with an earlier measurement by Belle, but with a
significantly improved precision.
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Using data samples collected with the BESIII detector operating at the BEPCII
collider at center-of-mass energies from 3.810 to 4.600 GeV, we perform a study
of e+e— — J/ and 0J/. Statistically significant signals of e+e— — J/ are
observed at Vs = 4.190, 4.210, 4.220, 4.230, 4.245, 4.260, 4.360 and 4.420 GeV,
while no signals of e+e— — 0J/ are observed. The measured energy-dependent
Born cross section for e+e— — J/ shows an enhancement around 4.2 GeV. The
measurement is compatible with an earlier measurement by Belle, but with a
significantly improved precision.

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

INTRODUCTION

During the last decade, new charmoniumlike vector states, such as the Y(4260),
Y (4360) and Y(4660), have been observed by BABAR [1, 2|, Belle [3-6] and
CLEO [7]. The masses of these new Y states are above the D™D production
threshold, ranging from 4.0 to 4.7 GeV/c2. Since all of them are produced in
e+e— annihilation (either directly or via the initial state radiation (ISR) pro-
cess), and since they have been observed to decay in dipion hadronic transitions
to the J/ or (3686), one would naturally interpret these states as vector char-
monium excitations. However, peculiar features of these Y states reveal an
exotic nature that likely excludes a conventional charmonium interpretation.
These features include a discrepancy with the spectrum of vector charmonium
states predicted by the potential model given in reference [8], a surprisingly
large coupling to final states without open-charm mesons [9, 10], and a lack
of observation in the inclusive hadronic cross section [11]. Also, very recently,
several charged charmoniumlike states —the Zc(3900)=+ [4, 12, 13], Zc(3885)+
[14], Zc(4020)£ [15], Zc(4025)=+ [16], as well as their isospin partners, the neu-
tral states Zc(3900) [13] and Zc(4020) [17] —were observed in the same mass
region as these Y states. This suggests that the nature of the Y states could
be related to that of the Zc states. Moreover, BESIII recently reported on the
measurement of the cross sections of ete— — ¢0 [18].

The observed cross sections as a function of center-of-mass (CM) energy are in-
consistent with the line shape of e+e— — + —J/ [1]. These observations hint at
the existence of a more complicated and mysterious underlying dynamics. Many
theoretical interpretations have been proposed to classify these Y states, such
as hybrid charmonium [19], tetraquark [20], or hadronic molecule [21] models,
but none of them has been able to describe all experimental observations in all
aspects. Searching for new decay modes and measuring the line shapes of their
production cross sections will be very helpful for these Y states interpretation.
Hadronic transitions (by , 0, or a pion pair) to lower charmonia like the J/
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are also regarded as sensitive probes to study the properties of these Y states
[22].

The cross sections of e+e— — J/ and 0J/ above the D™D production threshold
have been evaluated within a non-relativistic framework derived from QCD [23],
and their line shapes are predicted to be strongly affected by open charm effects
[24]. Belle, BESIII and CLEO-c have measured the production cross sections
of e+e— — J/ above the open charm threshold [25-27]. However, Belle and
CLEO-c results suffer from large statistical uncertainties. BESIII reported on
a more accurate result, but the measurement was limited to a single center of
mass energy of /s = 4.009 GeV. Experimental studies with large data samples
in a broad energy region may shed light on the nature of the Y states.

In this paper, we report a measurement of the Born cross sections of e+e—
— J/ and 0J/ from e+e— CM energies 3.810 GeV to 4.600 GeV with data
samples taken by BESIII. In our analysis, the and 0 are reconstructed in their
two-photon decay mode and the J/ via its decay into lepton pairs ( + —).

DETECTOR AND MONTE CARLO SIMULATION

BEPCII [28] is a double-ring e+e— collider running at CM energies ranging from
2.0 to 4.6 GeV, and providing a peak luminosity of 0.85 x 1033 ¢cm 2s ' at the CM
energy of 3.770 GeV. The BESIII [28] detector has a geometrical acceptance of
93% of 4 and has four main components: (1) A small-cell, helium-based (40%
He, 60% C H ) main drift chamber (MDC) with 43 layers provides an average
single-hit resolution of 135 m, and a charged-particle momentum resolution in
a 1 T magnetic field of 0.5% at 1.0 GeV/c. (2) A time-of-flight system (TOF)
is 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 endcaps.
The barrel (endcap) time resolution of 80 ps (110 ps) providesa 2 K/ separation
for momenta up to 1 GeV/c. (3) An electromagnetic calorimeter (EMC) consists
of 6240 CsI(T1) crystals in a cylindrical structure (barrel) and two endcaps. The
photon energy resolution at 1.0 GeV/c is 2.5% (5%) in the barrel (endcaps), and
the position resolution is 6 mm (9 mm) in the barrel (endcaps). (4) The muon
system (MUC) is located in the iron flux return yoke of the superconducting
solenoid and consists of 1000 m? of Resistive Plate Chambers (RPCs) in nine
barrel and eight endcap layers. It provides a position resolution of 2.0 cm.

The optimization of the selection criteria, the determination of detection effi-
ciencies, and the estimations of potential backgrounds are performed based on
Monte Carlo (MC) simulations taking various aspects of the experimental setup
into account. GEANT4-based [29] MC simulation software, which includes the
geometric and material description of the BESIII detector, the detector response
and digitization models, as well as an accounting of the detector running con-
ditions and performances, is used to generate MC samples. In the simulation,
the electron-positron collision is simulated with the KKMC [30, 31] generator
taking into consideration the spread in the beam energy and ISR. In this anal-
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ysis, large signal MC samples of e+e— — J/ and et+e— — 0J/ are generated
at CM energies corresponding to the experimental values, where the line shape
of the production cross section of these two processes, assumed to be identical,
are taken from the Belle experiment [25].

EVENT SELECTION

The candidate events of e+e— — J/ and 0J/ are required to have two charged
tracks with a total net charge of zero and at least two photon candidates.
Charged tracks are reconstructed from the hits in the MDC. Each charged track
is required to have a polar angle that is well within the fiducial volume of the
MDC, |cos | < 0.93, where is the polar angle of the track in the laboratory
frame, to have a point of closest approach to the interaction point that is within
10 cm along the beam direction and within 1 cm in the radial direction, and
to have a momentum p larger than 1.0 GeV/c. Electron and muon separation
is carried out by making use of the deposited energy in the EMC. Tracks with
an energy deposition of E < 0.4 GeV are identified as muons, while tracks with
E/p > 0.8 are identified as electrons or positrons.

Photon candidates are reconstructed by isolated showers in the EMC. The pho-
ton energy is required to be at least 25 MeV in the barrel (|cos | < 0.80) and 50
MeV in the endcaps (0.86 < |cos | < 0.92). To eliminate showers produced by
charged particles, the angle between the shower and the nearest charged track
must be larger than 20 degrees. To suppress electronic noise and energy deposi-
tions unrelated to the physical event, the EMC time t of the photon candidate
must be in coincidence with collision events, in the range from 0 to 700 ns.

A kinematic fit that imposes momentum and energy conservation (4C) is imple-
mented under the hypothesis of e+e— — + — to improve the momentum and
energy resolutions of the final-state particles and to reduce the potential back-
grounds. The chi-square of the kinematic fit, 2 C, is required to be less than 40.
If there are more than two photons in an event, the combination of + — with
the least 2 C is chosen. To suppress the backgrounds from radiative Bhabha
and radiative dimuon events associated with a random photon candidate, the
energy of each selected photon is further required to be larger than 80 MeV.

Figure 1 [Figure 1: see original paper] depicts scatter plots of the invariant mass
of lepton pairs, M( + —), versus that of two photons, M( ), for data taken at s
= 4.230 and 4.260 GeV. A clear accumulation of events is observed around the
intersection of the and J/ mass regions, which indicates J/ signals. There
is no significant signal observed around the intersection of the 0 and J/ mass
regions. MC studies show that dominant backgrounds are from the radiative
Bhabha and dimuon events, and are expected to be distributed uniformly around
the J/ and / 0 mass regions. A significantly larger background yield is observed
in the e+e— mode than in the + — mode, which is due to the much larger
Bhabha scattering cross section compared with the dimuon cross section. MC
simulations show that the resolution of the invariant mass distributions of lepton
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pairs is about 10.7 MeV/c? for the + — mode and 11.5 MeV /c? for the e+e—
mode. The candidate event of e+e— — J/ isrequired to be within the J/ signal
region, defined as 3.067 < M( + —) < 3.127 GeV/c2. Sideband regions, defined
as 2.932 < M( + —) < 3.052 GeV/c? and 3.142 < M( + —) < 3.262 GeV/c?, four
times as wide as the signal region, are used to estimate the non-J/ background
contributions.

After selecting the J/ signal, the invariant mass distributions of two photons,
M( ), are shown in Fig. 2 [Figure 2: see original paper| for data at s = 4.230
and 4.260 GeV. Clear signals are observed. The corresponding normalized
distributions from the events in the J/ sideband regions are shown as shaded
histograms in the plots. The backgrounds are well described by J/ sideband
events and show no peaking structure within the signal region.

The process e+e— — 0J/ is also searched for in + — mode by analyzing the
M( ) distribution around the 0 mass region. Such a search is not performed for
the J/ — e4+e— mode due to the large background of radiative Bhabha events.
Due to the misidentification of 4+ as =+, peaking background from e+e— —
+ — 0 would contaminate the 0 signal for both candidate events within the
J/ signal or sideband regions. To remove such backgrounds, we require that
at least one charged track has a muon counter hit depth larger than 30 cm.
Figure 3 [Figure 3: see original paper] shows the M( ) distributions around the
0 mass region after this requirement. No significant signal is observed for 0 —
decays.

FITS TO THE M( ) SPECTRUM AND CROSS SECTION
RESULTS

After imposing the J/ signal selection, an unbinned maximum likelihood fit is
performed on M( ) in the e+e— and + — modes, respectively. The probability
density function (PDF) of the M( ) distribution for signals is obtained from
signal MC simulations convoluted with a Gaussian function, where the Gaussian
function describes the difference in resolution between data and MC simulation,
and its parameters are left free in the fit. The background shape is described by
a second-order Chebyshev polynomial function. The corresponding fit results
for /s = 4.230 and 4.260 GeV are shown in Fig. 2 and the numbers of signal
events are summarized in Table I . The statistical significances of signals are
larger than 8 , which are examined using the differences in log-likelihood values
of fits with or without an signal component.

The same event selection criteria are implemented on the other 15 data samples
taken at different CM energies. We observe a significant yield of signal with
more than 5 statistical significance for data at Vs = 4.190, 4.210, 4.220, 4.245,
4.260, 4.360 and 4.420 GeV. Using the same fit procedure, the numbers of

signal events for these energies are also obtained and listed in Table I. There are
no significant signals observed for the other 9 energy points (Vs = 3.810, 3.900,
4.090, 4.310, 4.390, 4.470, 4.530, 4.575, 4.600 GeV), and the upper limits at the
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90% confidence level (C.L.) on the Born cross section are determined with the
J/ — + — decay mode only, due to the large background from Bhabha events
in J/ — e+e—. Since the statistics are low for the no-signal data samples, the
number of observed events is obtained by counting the entries in the signal
region (0.518 < M( ) < 0.578 GeV /c?). The number of background events in the
signal region is estimated by the events in the sideband region or J/ sideband
region (with an additional signal mass window requirement) by assuming a
flat distribution of background around signal regions. The sideband region is
defined as 0.383 < M( ) < 0.503 GeV/c? and 0.593 < M( ) < 0.713 GeV/c?,
where their sizes are four times as that of the signal region. The results are all
listed in Table IT .

The Born cross section is calculated by:
B=N_obs/ (L _int +(1+ _r)-(14+ _v) - -B)

where N_ obs is the number of observed signal events, L. int is the integrated
luminosity, (1+ _r) is the ISR correction factor which is obtained by QED
calculation [32] and taking the line shape of the Born cross section measured by
the Belle experiment [25]. The vacuum polarization (VP) factor (1 + _v) is
taken from a QED calculation with an accuracy of 0.5% [33], is the detection
efficiency including reconstruction and all selection criteria, and B is the product
branching ratio, taken from the Particle Data Group (PDG) [34].

The final Born cross sections of e+e— — J/ at energy points with a statisti-
cally significant observation of signal events are listed in Table I. For the other
energy points where the signal is not significant, we set upper limits at the 90%
C.L. on the Born cross section. The upper limit is calculated by a frequentist
method with a profile likelihood treatment of systematic uncertainties taken
into account in the efficiency uncertainty, which is implemented by a C++ class
TROLKE in the ROOT framework [35]. The numbers of observed signal events
and estimated background events are assumed to follow a Poisson distribution,
and the efficiencies are assumed to have Gaussian uncertainties. Since the num-
ber of background events can be estimated from either the or J/ sideband
events, the one with the larger upper limit on the Born cross section is taken
as the final result as a conservative estimation. The results on the upper limits
are listed in Table II.

Since there is no significant signal of e+e— — 0J/ observed at any energy, we
set upper limits at the 90% C.L. on the Born cross section. The number of
observed events is obtained by counting the entries in the 0 signal region (0.120
< M( ) < 0.150 GeV/c?). The number of background events in the signal region
is estimated by counting the number of events in the 0 sideband regions (0.055
< M( ) < 0.115 GeV/c? and 0.155 < M( ) < 0.215 GeV/c?) or J/ sideband
regions (with an additional 0 signal mass window requirement). The same
frequentist method is implemented to extract the upper limits. The results and
the related variables used to calculate the upper limit are listed in Table III .
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SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainties are considered in the measurement
of the Born cross sections. These include differences between data and MC sim-
ulation for the tracking efficiency, photon detection, kinematic fit, mass window
requirement, the fit procedure, the shower depth in the MUC, MC simulation of
the ISR correction factor and vacuum polarization factor, as well as uncertain-
ties in the branching fractions of intermediate state decays and in the luminosity
measurements.

(a)

Tracking: The uncertainty of the tracking efficiency is investigated using
a control sample (3686) — + —J/ with the subsequent decay of J/ —
+ —. The difference in tracking efficiency for the lepton reconstruction
between data and MC simulation is estimated to be 1% per track. So, 2%
is taken as the systematic uncertainty for the two leptons.

Photon detection efficiency: The uncertainty due to the photon detection
and reconstruction efficiency is 1% per photon [36]. This value is deter-
mined from studies using background-free control samples J/ —  and
e+e— — . Therefore, an uncertainty of 2% is taken for the detection
efficiency of two photons.

Kinematic fit: In order to reduce the difference on the 4C kinematic fit 2 C
between data and MC simulations, the track helix parameters ( , , tan
) of simulated tracks have been corrected, where is the azimuthal angle
that specifies the pivot with respect to the helix center, is the reciprocal
of the transverse momentum, and tan is the slope of the track. The
correction factors are obtained from a nearly background-free sample of
e+e— — ete—/ + — at /s = 4.230 GeV. An alternative detector efficiency
is evaluated with the same MC samples, but without helix parameters
corrections. The difference in this efficiency from its nominal value is
taken to be the uncertainty due to the 4C kinematic fit requirement [37].

Mass window requirements: A mass window requirement on the + — in-
variant mass introduces a systematic uncertainty on its efficiency. The
J/ signal at s = 4.230 GeV is fitted with a MC shape convoluted with
a Gaussian function, where the parameters of the Gaussian function are
left free in the fit. To evaluate the systematic effects on the mass window
requirement, the invariant mass of + — in MC samples are smeared with
a Gaussian function, where the parameters of the Gaussian function are
obtained from the fit. The difference in the efficiencies between the sig-
nal MC sample with and without mass resolution smearing is 0.2% in the
+ — mode and 0.1% in the et+e— mode, and is taken as the systematic
uncertainty.

Fitting procedure: For the eight data samples with clearly observed sig-
nals, fits to the two photon invariant mass M( ) are performed to extract
the number of J/ decays. The following three aspects are considered
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when evaluating the systematic uncertainty associated with the fit proce-
dure. (1) Fitting range: In the fit, the M( ) is fitted in a region from 0.2
to 0.9 GeV/c?. An alternative fit with a different fit range, from 0.25 to
0.85 GeV/c?, is performed. The differences in the yield are treated as the
systematic uncertainty from the fit range. (2) Signal shape: In the fit, the
signal shape is described by a shape obtained from a MC simulation con-
voluted with a Gaussian function. An alternative fit with a Crystal Ball
function [38] for the signal shape is performed, where the parameters
of the Crystal Ball function at different CM energies are fixed to those
obtained from the fit of the signal at Vs = 4.230 GeV. The difference in
the yield with respect to the nominal fit is considered as the systematic
uncertainty from the signal shape. (3) Background shape: In the fit, back-
ground shapes are described as a second-order polynomial function. The
fit with a third-order polynomial function for the background shape is used
to estimate its uncertainty. For the data sets where no evident signal is
found, the frequentist method is employed to determine upper limits on
the Born cross section, and the numbers of signal and background events
are obtained by counting the entries in signal and sideband regions. Two
different sideband regions, either the sideband region or the J/ side-
band region, are used to estimate the uncertainty from the background
shape. The systematic uncertainty associated with the background shape
has been considered by taking the most conservative upper limit as the
final result.

(f) MUC requirement: In the search for the process 0J/, an additional re-
quirement on the hit depth in the MUC for muon tracks was imposed
to remove the background from e+e— — + — 0. By studying the con-
trol sample of e+e— — + —J/ with a subsequent decay of J/ — + —
at s = 4.230 GeV, the efficiency difference of this requirement between
data and MC sample was found to be (9.0 £ 1.2)%. The MC efficiency
has been corrected for this difference and a value of 1.2% is taken as the
corresponding systematic uncertainty.

(g) ISR factor: The uncertainties of the line shape of the cross section used
in the KKMC generator introduce uncertainties in both the radiative cor-
rection factor and the efficiency. In the nominal results, the line shape
of the cross section is taken from the fit result from the Belle experiment
[25]. We have also performed a new fit with three incoherent Breit-Wigner
functions, including the Y (4260), Y (4360) and a second order polynomial
function, to the same observed cross section (e+e— — J/ ), where the
parameters of the Breit-Wigner functions are left free in the fit. With this
line shape of the cross section, the variations in (1 + _r) and are taken
as the uncertainties.

(h) Luminosity: The integrated luminosity of data samples used in this analy-
sis are measured using large angle Bhabha events, and the corresponding
uncertainties are estimated to be 1.0% [39].
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(i) Branching fractions: The experimental uncertainties in the branching frac-
tions for the processes J/ — + —, — and 0 — are taken from the
PDG [34].

(j) Other systematic uncertainties: Other sources of systematic uncertainties
include the trigger efficiency, event start time determination and final-
state-radiation simulation. The total systematic uncertainty due to these
sources is estimated to be less than 1.0%.

Assuming all of the above systematic uncertainties, shown in Table IV , Table V
and Table VI | are independent, the total systematic uncertainties are obtained
by adding the individual uncertainties in quadrature.

For the energy points where statistically significant signal yields were found, the
results from the two J/ decay modes are found to be consistent. The combined
cross sections are calculated by considering the correlation of uncertainties be-
tween these two measurements [40] and the results are also listed in Table I.

SUMMARY AND DISCUSSION

In summary, using data samples collected with the BESIII detector at energies
from 3.810 to 4.600 GeV, we performed an analysis of e+e— — J/ . Statistically
significant signals are observed at s = 4.190, 4.210, 4.220, 4.230, 4.245, 4.260,
4.360 and 4.420 GeV, and the corresponding Born cross sections are measured.
In addition, we searched for the process e+e— — 0J/. No significant signals
are observed and the upper limits at the 90% C.L. on the Born cross section are
set.

A comparison of the Born cross sections (e+e— — J/ ) in this measurement to
that of previous results [25, 26] is shown in Fig. 4 [Figure 4: see original paper]
(a), and a very good agreement is achieved. The measured Born cross sections
are also compared to that of e+e— — + —J/ obtained from Belle [4] as shown
in Fig. 4 (b). Different lineshapes are observed in these two processes, which
indicate that the production mechanism of the J/ clearly differs from that of
+ —J/ in the vicinity of /s = 4.1-4.6 GeV. This could indicate the existence of a
rich spectrum of Y states in this energy region with different coupling strengths
to the various decay modes.

The ratio of the Born cross section at 4.260 GeV to that at 4.230 GeV,

R. .3(ete—— J/)= . (ete——= J/)/ . (ete— — /), is calculated
to be 0.33 + 0.04 (common systematic uncertainties cancel in the calculation),
which is found to agree very well with the ratio, R. .3 (e+e— — ¢0) =

(ete— — <¢0)/ . (e+e— — ¢0) = 0.43 £ 0.13, of the process c0 [18].
This may indicate that the production of J/ and ¢0 are from the same
source. More data around this energy region may be useful to clarify this
interpretation. Compared with a theoretical prediction [24] that considers open
charm effects on the exclusive cross section line shapes of ete— — J/ and
0J/, our results on J/ are within the range of the theoretical prediction, and
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the obtained 0J/ upper limits are higher by a factor of 50 than that of the
theoretical prediction. More data samples will be helpful to test the predicted
cross section of ete— — 0J/.
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