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Abstract

Using about 23 fb~! of data collected with the BESIII detector operating at the BEPCII storage
ring, a precise measurement of the ete™ — 77~ .J /v Born cross section is performed at center-
of-mass energies from 3.7730 to 4.7008 GeV. Two structures, identified as the Y (4220) and the
Y (4320) states, are observed in the energy-dependent cross section with a significance larger than
100. The masses and widths of the two structures are determined to be (M, I') = (4221.4+1.5£2.0
MeV/c?, 41.8 £ 2.9 £ 2.7 MeV) and (M, T') = (4298 + 12 4 26 MeV/c?, 127 + 17 + 10 MeV),
respectively. A small enhancement around 4.5 GeV with a significance about 30, compatible

with the 1/(4415), might also indicate the presence of an additional resonance in the spectrum.

The inclusion of this additional contribution in the fit to the cross section affects the resonance

parameters of the Y'(4320) state.

I. INTRODUCTION

A series of charmonium-like states,
commonly referred to as XY Z states, has
been observed in the last two decades. The
Y (4260) was first observed by BaBar using
an initial state radiation (ISR) technique in
the process ee™ — ygrmtnJ/W 1]
and was soon confirmed by Belle in
the same process [@]. In 2017, the
BESIII collaboration was able to resolve the
Y (4260) structure into a combination of two
resonances, the Y'(4220) and the Y (4320),
using the world’s largest sample of ete™ —
ntn=J/1¢ events [ﬁ] Moreover, similar
structures have been observed in the
processes ete” —  wtaT(2S 141,
7= h, [5], 7+ D°D* [6], nJ /vy [7] and
wxes (J = 0, 1, 2) [8, ] with the
BESIII data. The parameters of the two
resonances are to a large extent consistent
among reactions. However, to understand
whether the structures observed in different
final states are indeed the same, more
investigations are needed.

Conventional charmonium states, such
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as the 1(4040), ©(4160), and 1)(4415),
mainly decay into open charm final states
(DWD™),  while the Y states show
strong coupling to the hidden-charm final
states ].  The number of observed
vector states in this energy region exceeds
that of the predicted vector charmonium
states [IH]. These features suggest that
some of these supernumerary vector states
are candidates of an exotic nature, such
as hybrid, tetraquark states, or mesonic
molecules [@ 17]. To clarify the nature
of these states and to distinguish between
the different theoretical models, precise
measurements of the production cross
section and of the resonance parameters are
essential.

In this  paper, an  improved
measurement of the energy-dependent
ete” — wT ™ J/4 cross section at center-
of-mass energies (y/s) between 3.7730
to 4.7008 GeV with a total integrated
luminosity of about 23 fb~! is presented.
The XY 7 data and the R-scan data
(between /s = 4.410 and 4.590 GeV)
analyzed in Ref. [@] are also analyzed here,
and thus these measurements are correlated



and can not be used in combination.
Improvements in this paper include the use
of additional data in the Y (4220)/Y (4320)
mass region, allowing us to study these
two states in more detail, as well as the
inclusion of more detailed background
studies and systematic studies of the event
selection.

II. THE BESIII DETECTOR AND DATA
SETS

The BESIII detector [@] records
ete™ collisions provided by the BEPCII
storage ring ] in a center-of-mass
energy range from 2.0 to 4.9 GeV.
The cylindrical core of the detector
covers 93% of the full solid angle and
consists of a helium-based multilayer drift
chamber (MDC), a plastic scintillator
time-of-flight system (TOF), and a CsI(TI)
electromagnetic calorimeter (EMC), which
are all enclosed in a superconducting
solenoidal magnet providing a 1.0 T
magnetic field. The solenoid is supported
by an octagonal flux-return yoke with
resistive plate counter muon identification
modules interleaved with steel. The
charged-particle momentum resolution at
1 GeV/cis 0.5%, and the d E'/dx resolution
is 6% for electrons from Bhabha scattering.
The EMC measures photon energies with
a resolution of 2.5% (5%) at 1 GeV in the
barrel (end cap) region. The time resolution
in the TOF barrel region is 68 ps, while
that in the end cap region is 110 ps. The
end cap TOF system was upgraded in 2015
using multi-gap resistive plate chamber
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technology, providing a time resolution of
60 ps [|2_§]

The data samples analyzed in this article
are listed in appendix. They include 40
energy points (referred to as the XY Z data
sample) from 3.7730 to 4.7008 GeV with
an integrated luminosity of more than 40
pb~! at each /s, and 13 energy points (the
R-scan data sample) from 4.410 to 4.590
GeV with a luminosity of 7 — 9 pb~! at
each /s to study possible structure around
4.5 GeV. The integrated luminosities and
\/s are measured using Bhabha scattering,
radiative di-muon events, and A, pairs

23].

The GEANT4-based [Iﬂ] Monte Carlo
(MC) simulation software  packages
BOOST ] and EVTGEN [@] are used
to determine detection efficiencies and to
estimate the background contributions.
The generator KKMC ] is used to
model the beam energy spread and the
ISR emission in e*e™ annihilations. Final
state radiation (FSR) from charged (final
state) particles is incorporated using

the PHOTOS package [@]. The signal
MC samples of ete™ — atan—J/4,
with J/¢p — (70~ ({ = e, p), are

generated using a phase-space (PHSP)
model and weighted following the results
of a partial wave analysis (PWA) of
the data. The amplitude model and
the PWA framework are the same as
in Refs. [@—@] Potential background
contaminations are studied via inclusive
MC samples described in Refs. [@, ].
Bhabha, di-muon, and eTe™ — 2(nF77)
events are chosen as control samples
to study the tracking efficiencies of e¥,



pu®, and 7F, respectively. An exclusive
MC sample for efem — efeputu”
(with v*y* —  utup~, two-photon
process) [@, @] is generated for Boosted
Decision Tree (BDT) training [@] used for
background suppression.

III. EVENT SELECTION

Events with exactly four charged tracks
and zero net charge are selected. In order to
be considered, a charged track reconstructed
in the MDC is required to satisfy |cosf| <
0.93, with @ being the polar angle, and the
distance of closest approach to the eTe™
interaction point must be within £10 cm
in the beam direction and within 1 cm
in the plane perpendicular to the beam
direction. If there are only two tracks with
momentum greater than 1.0 GeV /¢, then the
two tracks are judged as leptons; if there
are three tracks with momentum greater
than 1.0 GeV/c, then the two tracks with
opposite charges and with an invariant mass
closer to the J/1) mass [36] are regarded as
leptons. The other two tracks are regarded
as pions. The energy deposited in the EMC
is used to distinguish between electrons and
muons. For muon candidates, the deposited
energy is required to be less than 0.4 GeV,
while for electrons, it is required to be
larger than 1.1 GeV. In order to suppress
the background contribution and to improve
the energy and momentum resolution, a
four-constraint (4C) kinematic fit is applied
to the event with the hypothesis eTe™ —
7 rm~¢T¢~, which constrains the total four-
momentum of the final state particles to that
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of the initial colliding beams. The x? of the
kinematic fit is required to be less than 60.
The cosine of the opening angle of the pion-
pair (cos(mt77)) and, only in the J/¢ —
ete” decay channel, of the pion-electron
pairs (cos(r*eT)) are required to be less
than 0.98 to suppress gamma conversion
background events of the radiative Bhabha
and di-muon background contributions [B].

In order to reduce the background
contributions  from low  momentum
electrons, pions are identified using the
dE/dx information recorded by the MDC.
A discriminator X, .+/— = (ftm — flexp)/Om 18
defined by combining the measured dF /dz
value (i), the measurement uncertainty
(om), and the expected value under a
pion hypothesis (itexp). The conditions
Xat < 2.8 (3.2) and x,- < 3.0 (4.10) for
the ee™ mode (1"~ mode) are found to
provide an optimal balance between signal
efficiency loss and background rejection
power. The polar angle distributions of e*
and e~ in the J/¢ — ete™ mode (Fig. [I))
clearly show a significant contribution
from the ete™ — ete pu™u~ process (a
two-photon process corresponding to the
yellow filled area in Fig. [[). A boosted
decision tree method, implemented within
the TMVA framework ], is trained to
efficiently suppress this background.

The energy deposited in the EMC, the
time of flight from TOF, dF/dz, and the
opening angle of the pion and electron
candidates (Fig. D) are used as input
variables to the BDT, as they are mostly
uncorrelated, as can be seen from Figs. B(a)
and (b). The BDT is trained using the
MC simulation of the process efe™ —



ete” ™. The signal MC and background
MC simulation of multiple energy points
are combined to train the BDT model.
Figure Blc) shows that the training samples
and test samples in the BDT model are
in good agreement, and the model can
effectively distinguish between signal and
background. The response of the BDT
is required to maximize the S/v/S+ B
distribution (where the S and B indicate
the number of signal and background events
passing the condition) shown in Fig. 3(d).

IV. MEASUREMENT OF THE DRESSED
BORN CROSS SECTION

After applying the event selection
criteria mentioned above, a clear J/1
signal peak is observed in the invariant mass
distribution of the lepton pairs (M (¢1¢7)),
as shown in Figs. Ha)(ete~ mode)
and (b)(utp~ mode), Figs. Mic)(data)
and (d)(MC) show the two-dimensional
distribution of the invariant mass of the
7tn~ and 7t.J/1¢ pairs. To determine
the signal yields, an unbinned maximum-
likelihood fit to M (¢1¢7) is performed. The
signal probability density function (PDF) is
defined as the convolution between the MC
signal and a Gaussian function, while the
background contribution is parameterized
with a linear term.

The dressed Born cross section of
ete” — wtn~J/¢ at a given /s is
calculated with

Nobs

o(Vs) = Lol 0)B

o))

where N°P* is the number of signal events,
Liy is the integrated luminosity, € is the
selection efficiency, B is the branching
fraction of J/i» — (¢~ [36] and (1 +
0) is the ISR correction factor. The final
cross section is given by the average of
the eTe™ and the ™y~ modes, weighted
with the inverse of the respective statistical
uncertainties. The parameters of Eq. [Il and
the measured cross sections at the different
\/s are summarized in the appendix.

The ISR correction factor is evaluated
using an iterative procedure, in which the
o(y/s) is initially assumed to be simply
flat and iteratively recomputed until the
difference between the final two iterations
is less than 0.1%. The (i + 1)*® iteration
(1+ 6)"* is given by [37]:

N i
(L8 = (146)° S Wi/N, Wi = ZU)
J

(2)
where VV]Z is the weighting factor for the j*®
event. The ISR correction factor (1 + 4)°
corresponds to the 0" iteration, i.e. to an
assumed flat shape of the cross section; o*
is the line-shape given by the i'" iteration
and o is calculated with the correction
factor (1 + §)°, which is calculated using
the KKMC [27] program; m; is the invariant
mass of the final state of the event j; and
N 1is the total number of generated MC
events. Considering that the sizes of the
R-scan data samples are small, only the
XY Z data samples are used in the iteration.
The ISR correction factors for the R-scan
data samples are calculated from the model
describing the cross section in Sect. [Vl

o'(Vs)’
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FIG. 1. Cosine of the polar angle of the e* (cos(f,+)) and e~ (cos(6,- )) from the sample at /s = 4.1780
GeV. The blue dots with error bars are data from the signal region (3.08 < M ({*¢~) < 3.12 GeV/c?). The
black line is the signal MC, which is normalized to the number of signal events. The green line comes from
the sideband region (3.02 < M ({T¢7) < 3.06 GeV/c? or 3.14 < M (¢*¢~) < 3.18 GeV/c? , with an event
weight of 0.5) of M (£7¢7). The yellow-filled area is the background MC (two-photon process MC), and
it is normalized to the number of events in the sideband area. The red line is the sum of signal MC plus
background MC simulation.
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FIG. 2. The variables used in the BDT. (a,b) Distribution of the difference between the measured value and
the expected value from the TOF of the two pions. (c,d) The energy deposited in the EMC by the two pions.
(e,f) The cosine of the polar angle of e (cos(f.+)) and 7" (cos(0,+)). (g,h) Distributions of x+ and x,-.
The blue line is for the signal and the red line for the background. In (a,b,c,d), the peak at —1.0 corresponds
to the tracks without TOF or EMC information. The background and the signal have the same magnitude.
All the distributions come from the signal MC and background MC simulation.
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FIG. 3. (a,b) The linear correlation coefficients of the variables in the BDT training: (a) is for signal
MC and (b) is for background MC simulation samples. (c) The overtraining check of the classifier: the
training samples and test samples are in good agreement. (d) The optimized results of the sample at /s =
4.1780 GeV. The numbers of signal and background events estimated from the data are used to maximize
S/+/S + B and thus optimize the event selection criteria.

V. SYSTEMATIC UNCERTAINTIES OF section measurement are related to the
THE CROSS SECTION MEASUREMENTS measurement of the luminosity, the MC
model, the tracking efficiency, the ISR

The main contributions to  the correction, the branching fractions of

systematic uncertainty of the cross
11
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FIG. 4. The (a) and (b) plots show the fit results of the invariant mass of the e™e™ mode and ™1~ mode,
respectively. The (c) and (d) are the two-dimensional distributions of the squared invariant mass of the 7+~
and 7 .J /1) pairs. Here, (c) is the data, (d) is the MC simulation from PWA. The contents shown come from

the sample at /s = 4.1780 GeV.

J/1 decays, the kinematic fit, the fit to
M(¢t¢7), and the BDT method. The
integrated luminosities of all data sets
are measured using large angle Bhabha
scattering events with an uncertainty of
0.66% ]. The branching fraction of
J/1p — 70~ is taken from PDG [@], and
the uncertainties are 0.6% for each mode.
The uncertainty related to the kinematic
fit is estimated by adjusting the helix
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parameters of the charged tracks in MC
simulation to match the 2 distribution
of data and MC [@]. The uncertainty is
determined as the difference between the
results before and after the helix parameters
correction, resulting in 0.76% (1.34%) for
the u"p~ (eTe”) mode. The uncertainty
on the signal yield arising from the fitting
of the M(¢*¢) distribution is obtained
by varying the fit range and by changing



the background modeling from a first to a
second order polynomial, which leads to a
difference of 2.44% (1.16%) that is taken
as the systematic uncertainty introduced by
the fit method.

In the evaluation of the systematic
uncertainties due to the tracking efficiency,
the MC simulation model, the BDT method,
and the ISR correction, 300 sets of Gaussian
samplings according to the related central
value (o) and statistical uncertainties,
obtained from the control samples, the PWA
fitted parameters, the data-MC simulation
ratios of the BDT training variables, and
the ISR correction factors, are generated.
A Gaussian function (u1, o) is used to fit
the resulting distributions from the 300 MC
simulation samples. The final uncertainty of
each source is given by (|41 — pio|+01) / o %
100%.

The uncertainty of the tracking efficiency
comes from the uncertainties of the
correction factors obtained from control
samples, which are the Bhabha, di-muon
and ete” — 2(nTw~) processes. The
correction factors are given by the ratio
of data to MC simulation in the two
dimensions of transverse momentum and
the cosine of the polar angle. Therefore,
the Gaussian sampling is based on the
correction value and its uncertainty, and
obtains the efficiencies distributions with
respect to the new correction factors. In
the MC simulation model, the uncertainties
come from the uncertainties of the
amplitude parameters given by the PWA fit
to the data. To estimate the uncertainties
of the parameters, toy MC samples are
generated according to the fitted parameters
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and the error matrix to obtain the efficiency
distribution for each energy point. The
difference in the efficiency determined with
pseudoexperiments generated according to
the amplitude model parameters with and
without the three-body PHSP process is
regarded as the uncertainty of the partial
wave model.

The differences in line shape caused
by statistical uncertainties lead to different
ISR correction factors. Therefore, for each
energy point, the cross section and error
serve as the parameters of the Gaussian
function of sampling, and after a new round
of iteration, the cross section distribution
is obtained for each point. Apart from
the systematic uncertainty of the ISR
correction, the systematic uncertainties of
the other contributions are approximately
the same for every energy point, and thus
the average of each is taken, as listed in
Table I The ISR correction uncertainty
of R-scan data samples are estimated by
the value of closest XY Z data point, and
the uncertainty of each point is listed in
the appendix. Assuming all the sources
to be independent, the total systematic
uncertainties are obtained by adding them in
quadrature.

VI. FIT TO THE CROSS SECTION

To study the possible resonant structures
in the efe” — 7w~ J/¢ process, a
maximum likelihood fit is preformed to the
measured cross section. The likelihood is
constructed assuming the number of events
satisfies a Gaussian distribution in XY Z



TABLE 1. Systematic uncertainties (%) of the
cross section in 1~ mode and e e™ mode.

Uncertainty (%)

Source -
Luminosities 0.7 0.7
Tracking efficiency 0.8 0.6
MC simulation model 1.9 1.9
Branching fractions 0.6 0.6
Kinematic fit 0.8 1.3
Fitto M (¢107) 24 1.2
BDT method 0.9
Total 2.7 3.1

data and Poisson distribution in R-scan
data. The cross section is parameterized
with a coherent sum of Breit-Wigner (BW)
functions. Due to the lack of data near
the v (3770) resonance, it is not feasible
to determine the relative phase between the
1 (3770) amplitude and other amplitudes.
The cross section line shape is described by

2
n

o (Vs) = |R¢,(3770)(\/§)|2 + ZRj(\/g)emj‘

7=0

3)
where Ry 3770) is used to describe the
¥(3770) resonance and its mass and
width are fixed to the world average
values [@]. The ¢ is the imaginary unit.
R; represents the amplitude to describe
a given resonant structure and ¢; is the
corresponding phase. The phase ¢, is
set to zero and the other phases are given
relative to the Ry. For the structure near
4.0 GeV, two different parameterization
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methods are applied, Model I. a BW
function, and Model II: an exponential
function (Exp) of the form Ry(\/s) =
PS(\/E)e_po(\/g_Mthrcshold)pl [@]’ with
Mthreshold = Mg+ + Myp— + Mg /s PS(\/E)
is the PHSP factor of the three-body decay
R, — wtn J/Y [36], and po and py
are free parameters determined by the
fit. The number of resonances is denoted
by n, comprising the known Y (4220)
and Y'(4320) as well as further possible
structures. The amplitude R; is defined as

g /127 TS B(R;)

PS(V5)
BV = s T

PS(M;)’

“
where M;, F;Ot and T'° are the mass, full
width and electronic width of resonance 17;,
respectively, and B(R;) is the branching
fraction for R; — w7~ J /4.

In case of considering the states Y (4220)
and Y (4320) (n 2), multiple sets of
solutions are obtained given by the two
models (Model I: BW, Model II: Exp) at
4.0 GeV. The fit results are shown in Fig.[3]
and the fit parameters are summarized in
Table Ml Sizable differences between the
fit results of Model I and Model II appear
mainly in the energy region between 3.7730
and 4.1574 GeV. The difference of x?/ndf
is 3.72, where ndf is the number of degrees
of freedom. Therefore, Model I is chosen
to be the default model for the final cross
section fit result. The cross section fit shows
larger fluctuations at /s = 3.8713 GeV.
These might be due to the influence of
the X (3872) [36] resonance which was not
included in the model since the X (3872) is
very narrow and there are not sufficient data




points around its nominal mass.

Considering the distribution of the pull
(x) values, the above two models do not
describe the interval from 4.4 to 4.6 GeV
very well. Therefore, a third BW function
(n 3) is added to study whether this
deviation is caused by possible additional
structures. When the (fit) parameters of the
third BW function are floated, two possible
solutions are obtained, one with a mass
close to the v (4415) and the other one
close to 4.5 GeV. Compared with the mode
of n 2, the significance of these two
solutions are 4.00 (3.60) and 2.10 (2.70),
respectively. The alternative fits using the
parameters of the 1(4415) [36] and the
newly discovered Y (4500) structure [4(]
have also been attempted to describe the
structure at 4.5 GeV, and led to results
with significance of 2.60 (3.10) and 3.3 o
(3.3 o), respectively. The numbers in the
brackets correspond to an alternative fit, in
which the BW function(Model I) is replaced
by an exponential function(Model II) to
describe the structure near 4.0 GeV, as also
shown in Table [l and Table [T

Due to the limited data samples around
4.4 GeV, the mass and width of the new
additional BW function are fixed to 1)(4415)
or Y (4500), the fit result in Table [Tl With
larger/new data samples in that region, the
structure of the 1/(4415) or Y (4500) can be
studied further. The fit results are shown in
Fig.[6l and the parameters are summarized
in Table[[IIl In conclusion, the parameters of
the Y'(4220) state are stable for the different
models, while the ones of Y (4360) heavily
depend on the presence of an additional
structure close to 4.5 GeV.
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VII. SYSTEMATIC UNCERTAINTIES
OF THE RESONANCE PARAMETERS

Relevant systematic uncertainties of the
fit parameters are caused by the fit model,
the /s energy measurement and its spread,
and the PHSP factor. The systematic
uncertainty related to the fit model is
evaluated as the difference of the mass
and width results of Model I and Model
II. The /s of all data sets have been
measured with di-muon events with an
uncertainty of 0.6 MeV that propagates
directly to the uncertainty of the mass of the
resonances. The uncertainties included by
the /s spread are obtained by convolving
the resonant PDF with a Gaussian function
whose width is taken to be 1.6 MeV, equal
to the spread obtained from the Beam
Energy Measurement System [41]. The
uncertainty of the PHSP factor, due to the
existence of intermediate states, is estimated
by considering the PHSP of cascade two-
body decays of efe~ — RJ/i (with
R = o, fy(980), fo(1370)) and eTe™ —
m+7.(3900)T , and the maximum value
of the difference with respect to the result
obtained when using the three-body PHSP
factor is taken as the systematic uncertainty.
The deviation of the resonant parameters
introduced by the uncertainties of the
¥(3770) resonance parameters are less
than 0.1 MeV, and thus can be neglected.
Assuming all of the systematic uncertainties
are independent, adding them in quadrature
delivers the total error as listed in Table [Vl



TABLE II. The values of I°"®” B(R — 77~ .J /1) from the fit to the e~ — 77~ J/1) cross section.
The parameters M (R,,), ['°*(R,,) and T*B(R,,), (n = 0, 1, 2) represent the mass (in MeV/c?), total width
(in MeV) and the product of the e™e™ partial width (in eV) with the branching ratio of the resonance decay
into 77~ .J /4 for the resonances, respectively. Here, py (c>/MeV) and p; are the free parameters of the
exponential function. The parameters ¢; and ¢ (in degrees) are phases of the resonance R; and Ro, the
phase of resonance Ry is set to 0. The numbers in the brackets correspond to the fit by replacing the
resonance Ry (BW: Model I) with an exponential function (Exp: Model II) to describe the structure near 4.0
GeV. The uncertainties are statistical only. “...” represents a null value.

Parameter Solution I Solution IT Solution IIT Solution IV
5.0 B(Ryrro) 0.6+0.1(0.3+0.1)

M (Ry) (po) 3905.5 4+ 30.1 (4.4 £ 0.3)

T (Ro) (p1) 346.0 4 48.5 (2.7 + 0.6) x 1073)

I'éeB(Ro) 55+0.5(..) 6.9+0.7(..) 8.3+0.6(..) 10.5+0.9 (...)
M(Ry) 4221.4 £1.5(4220.1 £ 1.2)

[P (Ry) 41.8 + 2.9 (43.6 + 2.6)

I'B(Ry) 1.7+£02(1.7+0.2) 8.240.9 (8.6 £0.5) 3.0+0.5(2.5+0.3) 14.6 £1.2 (12.7+0.8)
M(Rs) 4297.5 +£12.1 (4316.2 £ 12.4)

Y (Ry) 126.6 + 16.7 (124.3 £ 18.0)

IB(Ry) 12403 (0.740.2) 23408 (1.1+0.3) 15.6+£2.1(15.0 £ 1.2) 30.2 4 3.3 (23.6 +2.9)
o1 —3.7+54(243+£3.0) —124.6+11.7(-788£5.1) 87.7+£21.9(88.0+£12.1) —335+11.2(-15.1£7.7)
o)) 79.6 £ 18.5 (130.7 £ 15.8) 35.8£27.2(96.6 £19.7) —104.7+26.9 (-92.5£6.0) —148.7£4.5(—127.6 £ 2.3)
X2 /ndf 54.0/40 (57.3/41)

TABLE III. The fit results of the test for the additional structure near 4.5 GeV. The values of [°® B (R—
7w~ J/1) from the fit to the eTe™ — 777~ .J /4 cross section. The parameters M (R,,), and T'*°*(R,,)
(n = 0,1,2,3) represent the mass (in MeV/c?), total width (in MeV) of the resonance decay into 77~ .J /1)
for the resonances, respectively. Finally, the significance of the additional BW is given. The uncertainties
are statistical only. The numbers in the brackets correspond to the fit by replacing the BW:Model I with an
Exp: Model II to describe the structure near 4.0 GeV.

Parameter Result I Result IT Result IIT Result IV

M(Ry) 4221.0 £ 1.6 (4220.3 + 1.6) 4219.8 £1.3(4219.1+1.2) 4223.9+ 1.4 (4219.6 £ 1.3) 4220.2 £1.3(4219.4+1.1)

I (Ry) 41.0 £3.0 (42.3 £3.0) 454+ 2.8 (46.3 £2.5) 42.2+£3.2(44.3£2.7) 44.5+£2.9 (45.3£2.5)

M(Rs) 4293.7 £ 13.1 (4304.8 £ 18.8) 4345.8 £ 28.4 (4357.9 £ 20.2) 4308.5 £ 17.6 (4333.2 £ 23.2) 4328.58 4+ 18.9 (4347.1 + 14.5)
T (Rs) 152.4 +23.9 (144.3 £ 31.5) 130.1 £ 20.7 (107.9 & 25.6) 161.4 £ 24.6 (153.2 4+ 26.2) 133.8 £20.2 (127.5 + 22.2)
M(R3) 4405.6 4.5 (4405.0 = 6.7) 4471.1 £ 36.2 (4550.9 £ 16.9) 4421 (fixed) 4485 (fixed)

T (R3) 9.1+2.5(8.7+£4.9) 159.74+97.0 (211.8 £ 132.8) 62 (fixed) 111 (fixed)

X2 /ndf 40.1/36 (44.8/37) 47.6/36 (48.7/37) 45.4/38 (48.7/39) 48.1/38 (51.3/39)

Significance 4.00 (3.60) 2.10 (2.70) 3.30 (3.30) 2.60 (3.10)
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TABLE IV. Summary of the uncertainties of the
resonance parameters.

Uncertainty
Source Y (4220) Y (4320)
M (MeV/c®) T (MeV) M (MeV/c?) T' (MeV)

NG 0.6 0.6

Beam spread 0.3 0.4 5.0 2.1
Fit model 14 1.0 15.8 6.8
PHSP factor 1.3 2.5 19.9 7.8
Total 2.0 2.7 259 10.3

VIII. SUMMARY

In summary, a precision measurement of
the energy-dependent cross section for the
process ete” — wrrJ/¢ from /s =
3.7730 GeV to /s = 4.7008 GeV at BESIII
is performed. This measurement improves
upon the precision of the previous results
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from the BESIII collaboration in the same
channel [@] by about 60% at the points of
same statistics (/s = 4.2263 and 4.2580
GeV). This is achieved by the improvements
in the optimized MC simulation model and
the enhanced tracking efficiencies.

The energy-dependent cross section is
fitted with different fit models for the
cross section line shape, allowing for the
search of resonances and the evaluation
of their parameters. It was found that
the structure close to 4.0 GeV is better
described when using the BW function as
compared to an Exp function. The Y (4220)
and Y (4320) resonances were observed
with significances larger than 100 and
their resonance parameters were estimated
to be consistent with those reported in
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FIG. 6. Fit to the energy-dependent cross section of the process ete™ — w77~ .J /1, where an additional
BW function is added based on Model I. The upper panels show the data points with error bars overlaid with
the fit result represented by the solid (blue) line. The lower panels show the corresponding fit quality for
each data point in terms of  in units of o, and the fit results are listed in Table[ITll (a) and (b): The new BW
function with free parameters. (c) and (d): The new BW function with parameters fixed to the )(4415) and
Y (4500) resonance parameters. The point of /s = 3.8713 GeV is not included in the fit.

Ref. [3]. However, the presence of influences the evaluation of the Y (4320)
an additional structure around 4.5 GeV, parameters, which are (M, I') = (4298 £+
possibly identifiable with the 1(4415), 12 4+ 26 MeV/c?, 127 + 17 + 10 MeV),
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therefore, reported with a large uncertainty.
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APPENDIX 7t~ J/v process with the Eq. [l

Table [V] lists the parameters used to
calculate the cross section of the ete™ —



TABLE V. The cross section of ete™ — 7t 7~ .J /1. Here, L (pb~!) is the integrated luminosity,
1 + ¢ is the radiation correction factor, “Rsys” is the systematic uncertainties (%) of the radiation
correction factor, N°P is the number of observed signal events from ¢t/ invariant mass
distributions, € is the event selection efficiency determined from signal MC, o (pb) is the cross
section. “average” is the weighted average cross section of e*e™ and p 11~ modes, and the weight
is the inverse of the statistical uncertainty. Samples marked with “r”” are R-scan data, and the results
are given by combined e™e™ mode and 1" 1~ mode. The first term is statistical uncertainty, and the
second term is systematic uncertainty. The uncertainty of £ consists of statistical and systematic
uncertainties. The uncertainty for N°P is statistical only.

: o . Nobs (%) o (pb)

V5 (GeV) L@V 1+ Rsys(%) ete” whtp etem  ptpo ete” s average
3.7730 2874.72+19.40 073 204 1169+36 175646 3241 5134 28.74+0.89+1.06 27.30+£0.72+0.92 27.94 £ 0.56 £ 0.69
3.8077 50.54+0.49  0.86 10.46 1244 1745 29.60 4621 156745224171 14.26+4.19+1.54 14.89+£3.29+1.14
3.8674 108.90 £0.72  0.86 2.30 2445 40+8 27.09 4439 1577+£328+0.61 16.054+3.21£0.57 1591 +2.30 +0.41
3.8713 110.30 £0.73 119 14.29 17+5 30+£6 2496 4199  8.67+£255+127 910+1.82+1.32 892+ 1.50 +0.93
3.8962 52.61+0.51  0.86 5.00 14+4 1945 2739 4541 189345414111 1552 +£4.08+£0.88 16.98 £ 3.29 £ 0.69
4.0076 482.00 £3.18  0.90 LIS 12012 229418 29.63 4671 15.62+1.56+0.51 18.94+149+0.55 17.32+1.08£0.38
4.0855 52.86£0.35 092 3.28 15+4 2045 29.65 47.00 17.43+4.65+0.78 14.68+3.67+0.62 15894 2.90 +0.49
4.1271 397.99+2.63  0.97 319 86+10 127+14 29.66 4737 1252+146+0.55 11.60+1.28+048 12.03+0.96 +0.36
4.1567 409.88+£2.70  0.96 215 83+10 118+13 28.08 4498 12.61+1.52+047 11.21+£1.24+0.38 11.84+0.96 +0.30
4.1780 3194.50 £31.90  0.94 261 612+27 1032+38 2648 4284 1287+0.57+0.52 13.44+049+050 13.17+0.37 +0.36
4.1888 570.05+2.16  0.90 283 150+13  231+19 2885 4623 16.94+147+0.71 1631 +1.34+£0.64 16.61+0.99 +0.47
4.1989 524.60 +£2.05  0.81 249 242417  354+21 3193 50.14 20724209+ 1.17 27.77+1.65+1.02 28.63+ 1.30 +£0.77
4.2091 572.05+1.81  0.79 226 389+21  634+27 3224 49.92 4456+241+1.70 47.07+£2.00+1.65 4593+ 1.55+1.19
42187 569.20 +1.80  0.77 194 627+£26 915432 3295 50.88 72.90+3.02+2.65 69.06+242+229 70.77+1.90+1.73
4.2263 1100.91£7.00  0.76 115 1517440 2315451 3437 5200 88.68+2.34+2.88 89.81+1.98+259 89.20+ 1.52+1.93
4.2357 530.60 +2.39  0.82 154 69627 1103+£35 3405 51.69 7850 +3.05+2.70 82.20+2.61+255 80.50+ 1.99 +1.85
4.2438 593.98 +2.69  0.84 142 744+28 1133436 3322 5112 74.99+282+254 74.37+£2.36+226 74.65+1.82+1.69
4.2580 828.40£5.47  0.89 115 888+31 1327439 3277 50.17 61.25+214+2.01 5989+ 1.76+ 1.75  60.50 & 1.37 + 1.32
4.2667 529.70 +£3.13  0.91 143 509+23 781430 3173 49.14 56.03+253+1.90 55.56+2.13+1.60 5578+ 1.64+1.26
4.2776 17570 £ 0.96 091 287  152+13  253+17 31.01 4802 51.20+4.39+216 5520+3.71+£2.17 53.41+2.84+1.54
4.2866 498.52+£3.29  0.90 232 451422 684428 31.34 4782 53.534+2.61+2.06 53.27+218+1.89 53.40+1.68+1.39
4.3079 45.08£0.30  0.87 4.04 35+6 59+9 3094 47.07 48.41+£830+£246 53.744+7.2942.61 51.25+549 +1.79
43115 499.19+£3.30  1.05 574 345+19  573+£26 29.99 4590 36.85+2.03+2.40 40.03+1.82+2.54 3853+ 1.36+ 1.75
4.3370 51148 +£3.38  0.98 1.86  313+£19 453424 2885 4430 36.08+2.19+1.30 34.06+1.80+1.11 34.97+1.40+0.85
4.3583 543.94+3.59  1.06 298  267+17 342421 2701 4217 28.554+1.824+1.22 2347+144+0.94 2572+ 1.14£0.75
4.3768 531.4143.51 114 341 195+15 297420 2646 4138 20.3241.56+0.93 19.83+1.34+0.86 20.06 £ 1.02 £ 0.63
4.3874 55.57+£0.37  0.98 493 2245 3246 27.14 4177 24.82+564+144 235144414132 24.09 4 3.50 +0.97
4.3954 515.95+3.41 138 705 140+£13  194+£17 2354 3726 14.02+1.30+1.08 1229 +£1.08+0.93 13.07£0.83£0.70
4.4107 719+£001 114 7.05 3.3178 31.75 10.00758) £ 0.82
4.4156 1090.66 £ 6.89  1.17 268 233+£16  401+£24 2219 3464 13.76+0.94+£0.56 1518 £0.91+£0.57 14.49 £ 0.66 £ 0.40
4.430" 6.96£0.01 117 2.83 4.07%3 29.82 13.507588 £ 0.54
4.4359 582.34+3.84 116 283  110+£12  219+18 2223 3527 12174+1.33+0.51 15.36+1.26+0.60 13.81£0.92+0.39
4.450" 7.86£0.01 119 2.83 34738 29.32 10427790 £0.41
4.460" 8.96+0.01  1.19 10.22 6.0751 29.14 161175553 £ 1.70
4.4671 111094073 1.17 10.22 25+6 2647 2205 3561 151043484161 9.38+252+0.99 11.78 4 2.07+0.89
4.480" 8394001 120 10.22 28.97 1030752 £ 0.79
4.500" 8.2440.01 122 10.22 28.40 3.827380 +£0.12
4.520" 8.95+0.01 122 10.22 2 28.37 7.825501 £0.80
4.5271 112124074 112 2.84 2746 2359 3818 14.08+3.38+0.59 9.76+244+0.38 11.57+2.00+0.33
4.540" 9.66+0.01 123 2.84 ; 28.20
4.550" 9.05+£0.01 123 2.84 28.13
4.560" 8.59+0.01 124 2.84 28.01
4.570"7 8.69+£0.01 124 2.84 28.71
4.5745 48.93+£0.32  1.06 3.93 2145 2350 39.88  9.63+£4.13+048 16.21 +4.05+0.77
4.580" 8.844£0.01 125 12.26 28.51
4.590" 8.50+£0.01 1.25 12.26 28.67
4.5995 586.80 +£3.87  1.49 12.26 64+9  99+14 1937 3179 6.35+£089+0.80 59840.85+0.75
4.6119 103.83 £ 0.68 235 55.62 743 544 1422 2318 386+189+218 18041504100 2.724+1.2041.13
4.6280 521.524+3.37  1.22 7.34 43+8  91+13 1855 3120 6.09+1.13+049 7.684+1.1040.61  6.90 %+ 0.80 + 0.39
4.6409 552.414+3.57 143 8.72 5448 75412 1977 3222  579+086+054 49540794046 53540594035
4.6612 529.63+3.45 148 3.75 4247 69+12 1887 31.09 473+£0.79+£023 47440824022  4.73+0.58 +0.16
4.6819 1669.31 £10.77  1.35 259  134+£14  210+£20 1841 30.66 54040564022 510+£049+0.19 524+0.38+0.15
4.6988 536.20+£3.47 1.33 3.97 46+8 72412 1865 3197  577+£1.00+£029 52240884025 548+ 0.68 +0.19
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