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1 Introduction

Since the discovery of the charmonium-like state x.1(3872) by Belle [1], a series of states,
such as Y'(4260) [2] and Z.(3900) [3, 4], which are unexpected in charmonium spectroscopy,
have been found. The Y (4260) was observed by the BaBar Collaboration in ete™ —
ysrm 7w J/1), where the subscript ISR stands for initial state radiation, and confirmed
by CLEO and Belle [5, 6]. In 2017, the BESIII Collaboration performed a dedicated
scan of the process eTe™ — mTm~J/1 at center-of-mass (c.m.) energies /s from 3.77 to
4.60 GeV. Two structures were observed with masses of M = 4222.0 & 3.1 + 1.4 MeV /c?
and M = 4320.0 4+ 10.4 4+ 7.0 MeV /c? [7]. The former one was regarded as the previously
observed Y (4260), which was renamed to Y (4220). The Y (4220) state was confirmed by
Born cross section measurements of the final states wyco [8], 77 he [9], 77 1) (3686) [10],
and 7+ DOD*~ [11] by BESIIL

The currently known decays of Y (4220) occur only to open or hidden-charm final
states. However, some related theories point out that charmonium-like states are also
likely to decay to light hadron final states [12], shedding further light on the Y (4220) [13].
Several measurements of the cross sections for e*e™ annihilations to light hadrons have been
measured by the BESIII Collaboration, such as ete™ — K2K*rTx0 [14], KIK*xT [15],
pnK3K~ + c.c. [16], ppr® [17] etc., but no significant structures have been found so far. In



order to better understand the composition and properties of the charmonium-like states,
further searches for their decays to charmless light-hadron final states are important.

In this paper, we present the measurements of the Born cross section of the pro-
cess eTe” — nr T at center-of-mass energies from 3.872 GeV to 4.700 GeV, and search
for possible charmonium (1)) or vector charmonium-like (Y') states in the corresponding
lineshape.

2 BESIII detector and data sets

The BESIII detector is a magnetic spectrometer [18] located at the Beijing Electron Positron
Collider (BEPCII). The cylindrical core of the BESIII detector consists of a helium-based
multilayer drift chamber (MDC), a plastic scintillator time-of-flight system (TOF), and a
Csl (T1) 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 identifier modules interleaved
with steel. The acceptance of charged particles and photons is 93% over 47 solid angle.
The charged-particle momentum resolution at 1 GeV/c is 0.5%, and the specific ionization
energy loss (dE/dx) resolution is 6% for the 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 of the TOF barrel part is 68 ps, while that of the end cap part
is 110 ps. The end cap TOF system was upgraded in 2015 with multi-gap resistive plate
chamber technology, providing a time resolution of 60 ps [19, 20]. Muons with momentum
above 0.5 GeV /c are identified by the iron flux return of the magnet instrumented with
about 1272 m? of resistive plate muon counters (MuC) arranged in nine (eight) layers in
the barrel (endcaps). The spatial resolution in the MuC is better than 2 cm.

The twenty-eight data sets taken at /s = 3.872 ~ 4.700 GeV are used in this analysis.
The nominal energy of each data set is calibrated by the process e™e™ — (yigr /rsr)p T [21,
22|, where the subscript FSR stands for final-state radiation. The integrated luminosity £
is determined by large angle Bhabha events [23, 24], and the total integrated luminosity is
approximately 19 fb~1.

3 Monte Carlo simulation

Simulated data samples produced with GEANT4-based [25] Monte Carlo (MC) software,
which includes the geometric description of the BESIII detector and the detector response,
are used to determine detection efficiencies and to estimate background contributions. The
simulation models the beam energy spread and ISR in the eTe™ annihilations with the
generator KKMC [26]. The inclusive MC simulation sample includes the production of
open charm processes, the ISR production of vector charmonium(-like) states, and the
continuum processes incorporated in KKMC. The known decay modes are modeled with
EVTGEN [27] using branching fractions taken from the Particle Data Group (PDG) [2§],
and the remaining unknown 1) decays are modeled with LUNDCHARM [29]. The FSR from
charged final state particles is incorporated using PHOTOS [30].



In the signal MC simulation samples at each c.m. energy point, three exclusive processes
are involved, which are the three-body non-resonant process e™e™ — nm 7, and the two-
body resonant processes, eTe” — aét(1320)7rjF and np® [31]. The last process is simulated
by the HELAMP model [27] following the dynamics of other vector charmonium decays,
while the first two processes are simulated by phase space (PHSP) models. In determining
the resulting detection efficiencies, the interference between 7p process and the three-body
non-resonant process is included, while the interference between as(1320)7 process and the
three-body non-resonant process is neglected due to the small event sample. The resulting
detection efficiency is obtained by mixing the three processes weighted according to the
number of observed events (Nyps) and detection efficiency (e).

4 FEvent selection

The charged tracks detected in the MDC are required to be within a polar angle () range
of |cosf| < 0.93, where 6 is the polar angle with the z-axis, which is the symmetry axis
of the MDC. All the charged tracks are required to originate from the interaction region
Viy < 1 cm and |V;| < 10 cm, where V,,, and |V| are the distances of closest approach of
the charged track to the collision vertex in the zy-plane and z direction, respectively.

Particle identification (PID) for charged tracks combines measurements of dE/dz
in the MDC and the flight time in the TOF to form likelihoods L(h) for each hadron
h = p, K, 7 hypothesis. Tracks are identified as pions when the pion hypothesis has the
greatest likelihood (L£(7) > L(K) and L(7) > L(p)).

Photon candidates are identified using showers in the EMC. The deposited energy of
each shower must be more than 25MeV in the barrel region (|cosf| < 0.80) and more than
50 MeV in the end cap region (0.86 < |cosf| < 0.92). To exclude showers that originate from
charged tracks, the angle between the position of each shower in the EMC and the closest
extrapolated charged track must be greater than 10 degrees. To suppress electronic noise
and showers unrelated to the event, the difference between the EMC time and the event
start time is required to be within [0,700] ns. Candidate events must have two charged
tracks with zero net charge, and the number of photons should be 2 or greater. The two
charged tracks must be identified as pions.

To improve the momentum and energy resolution and suppress the potential back-
ground contributions, a four-constraint (4C) kinematic fit, which constrains the total
four-momentum of the final state particles to that of the initial colliding beams, is applied
to the event under the hypothesis of ete™ — yyrt7~. If more than one candidate (37% of
the selected events) exists in an event, that with the smallest x%. is selected.

Potential background contributions are investigated with six equivalent-luminosity
inclusive MC samples generated at c.m. energies from 4.009 GeV to 4.600 GeV, using an
event-type analysis tool, TopoAna [32]. It is found that the main background contributions
come from ete™ — yrtn~, utu~, yyete™ and ete™ — J/4 + anything, J/v» — hh or
Il (h=p,m, | =e,pn) processes. In the first background channel, a reconstructed photon
e.g. from beam-related background is combined with the real photon to form a fake 7 signal.
PPl < 0,90, where E,,, B,

n

This background is suppressed by requiring the ratio R =
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Figure 1. (left) Two-dimensional distributions of M., versus M, +,- for the candidate events
for all energy points, and (right) Dalitz plot in the 7 signal range with the selected events for the
energy point at /s = 4.180 GeV. The diagonal band without events in the Dalitz plot is due to the
J/v-related event veto.

are the energies of the two photons from the fake 1 decay and p, is the momentum of
the fake 1. The second background channel is suppressed by requiring the penetration hit
depth in the MuC of charged track to be less than 40 ¢m since muons have penetration
deeper hit depth. The third background channel is suppressed by requiring F/cp <0.7.
Here, E and p denote the deposited energy in the EMC and the momentum of the charged
track, respectively. The background from .J/i-related events is vetoed by requiring the
invariant mass of 777~ not to fall into the J/1) mass region [3.05, 3.15] GeV/c?. Finally, it
is found that the dominant remaining background channel is ete™ — p*p~ due to p — 7
misidentification since muons have higher penetration and therefore larger hit depth.

With the above selection criteria, there are significant enhancements close to the 1 and
p° nominal masses in the two dimensional distribution of the invariant mass of vy (M.,,)
and 7t7~ (M +,-), as can be seen in figure 1 (left). The n signal region is defined as
0.513 < M,y < 0.581 GeV/ c?, and the lower and upper side-band regions are defined as
0.309 < M., < 0.445GeV/c? and 0.649 < M., < 0.785GeV/c?, respectively. Figure 1
(right) shows the Dalitz plot of M3W+ Versus Mir of events in the 7 signal region at
Vs = 4.180GeV. A clear p” band is seen, and the horizontal and vertical bands around
1.75GeV?/c* correspond to ete™ — ag(1302)F 7.

5 Signal yields

The 7 signal yields are obtained with unbinned likelihood fits to the M., spectra. The
signal function is described as a MC-simulated shape convolved with a Gaussian function to
account for the difference of the detector resolutions between data and MC simulation, while
the background function is described by a second-order Chebyshev polynomials. Figure 2(a)
shows the fit result for all energy points combined.



The np signal yields are obtained with a simultaneous unbinned likelihood fit to the
M+, spectra of the events in the 7 signal region at all energy points. The p° resonance
is parameterized by a Breit-Wigner (BW) propagator using the Gounaris-Sakurai (GS)
model [33]. The parameterized propagator function is expressed as:

B 1+ d(M)T/M
BWS(m) = gy F(m, M,T) — iMT(m, M,T)’ (5.1)
with
m? L (m 3
o - (3450
3 M? M + 2k(M) M M2M
dM) = Tisan ™ ( 2M, > onk(M)  mk3(M) (5:2)
M2 ,
f(m, M,T) = B0 [K2(m) (h(m) — h(M)) + (M? — m®)k* (M) (M),
where
Br(m) =1/1—4M2/m?,
k(m) = %mﬁﬂ(m), (5.3)
h(m) = i’“(;:) In <m Z;f:m)) ,

and h/(m) is the derivative of h(m), m is the invariant mass of 77—, M is the invariant
mass of the 7 meson, and M and I' are the mass and width of the p. The signal function is
described by a coherent probability density function (PDF):

PDF(m) = [BWYS(m) 4+ A x Polyppusp x €%, (5.4)

where ¢ is the relative phase between the p and PHSP amplitudes, Polypyusp is the PHSP
amplitude contribution, which describes the non-p mode and is parameterized with a
polynomial, and the parameter A is the normalization factor. The parameters of the signal
function are left free in the fit. The non-n background shape is obtained by the normalized
7 side-bands summed over all energies. The number of background events is fixed to f - Ngp,
where f = 0.25 is the scale factor since the non-n background shape is a linear one and
the side-band region is two times wider than the signal region. The parameter Ny, is the
number of side-band background events at each c.m. energy point. The fits at each point
share the parameters of the signal function (eq. (5.4)). Figure 2(b) shows the fit result for
the sum of all energy points.

The a2(1320) signal yield is obtained by a binned likelihood fit to the invariant mass of
nmt (M,,+) spectrum summed over all energy points. The signal function is also described
by the MC-simulated shape convolved with a Gaussian function, and the background
function is described by a third-order Chebyshev polynomials. Figure 2(c) shows the
fit result.
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Figure 2. Fit result of (a) M, (b) M +,- and (c) M, + with the sum of all energy points. The
points with error bars are data, the blue solid lines represent the total fit, the red dotted lines
represent the signal components, the green dotted lines represent the background distribution, the
cyan dotted line represent the interference between p(770) and PHSP process and the pink dotted
line represent the non-n background.

Source Nobs e (%)
aF (1320)7F 1526 + 85 | 26.4
np° + interference 6167 £+ 76 24.9
nm T~ (3-body non-resonant) | 4776 4+ 181 | 27.2
gt (total) 12469 + 141 | 25.9

Table 1. The numerical results for each component summed over all energy points, while those
for Nops are statistical only. The number from 777T+7r_(total) is obtained by a fit to the M,,.
The uncertainty on the efficiencies for individual contributions is 0.2%, while below 0.1% for the
nr T~ (total), which is negligible.

Numerical results for the fits for events summed over all energy points can be found in
table 1. The number of a3 (1320)7F events is obtained by the fit to the M, -+ distribution,
the number 7p° + interference events is obtained by the fit to the M, + .- distribution, and
number of 77~ (total) events is obtained by the fit to the M., distribution. The number
of events for the 3-body non-resonant process is given by N(nmT7~ (3-body non-resonant))
= N(nmtn~ (total)) — N(np° + interference) — N(a3 (1320)7¥).



6 Cross section calculation

The Born cross section at each energy point is calculated as:

gBorn — NObSI , (61)
L xex(1+7)x e iiE X B(n — vy)

where N,ps is the number for observed signal events, £ is the integrated luminosity, € is the
detection efficiency, and 1 + ¢ and ﬁ are ISR and vacuum polarization (VP) factors,
respectively. To obtain 1+ §7 and ﬁ, we use an energy-dependent power function a/s"
as the initial input of the Born cross section, and the final one is obtained by iterating
several times until the difference of €- (14 07) between the last two iterations is less than 1%.
The relevant numbers related to the Born cross section measurement for e™e™ — nrtn~
and its intermediate process ete™ — np° are listed in tables 2 and 3, respectively. For the
intermediate process eTe” — a2(1320)i7r¢, we do not report the measurement of its Born
cross section due to the small event sample at single energy points.

7 Systematic uncertainty

The uncertainties in the Born cross section measurements include those of the luminosity
measurement, tracking and PID efficiency, photon detection efficiency, branching fraction
of intermediate decay, R ratio, E/cp ratio, decay depth in the p counter, n mass window,
J/ veto, fit of M, and M, +,-, intermediate state of az(1320), kinematic fit, ISR and
VP correction and detection efficiency.

o Luminosity measurement. The luminosity is measured using Bhabha events with
uncertainty of 1.0% at all energy points [23, 24], which is taken as the systematic
uncertainty from the luminosity measurement.

e Tracking efficiency. The pion tracking efficiency is determined by using the control
sample J/1) — pprtn~. The difference between data and the MC simulation tracking
efficiency is 1.0% per track [34].

e PID efficiency. The uncertainty related to the pion PID efficiency is studied with
the sample ete™ — KTK 777, and the average difference of the PID efficiency
between data and MC simulation is determined to be 1.0% for each charged pion,
which is taken as the systematic uncertainty [35].

e Photon detection efficiency. The uncertainty caused by photon reconstruction is 1.0%
per photon, which is studied by the control sample J/¢ — 779 [36].

e Branching fraction of intermediate decay. The uncertainty due to the branching
fraction B(n — vv) is 0.5% from the PDG [28].

|E’Y1 _E’Yz ‘

e R ratio. The uncertainty caused by the R = ;
changing the range by 40.05 or —0.05. The larger differences with and without
changes are taken as the corresponding uncertainties.

requirement is estimated by



Vs (GeV) | L; (pb™1) Ngps e (%) 1407 ﬁ oBorm (ph)
3.872 219.2 244 £19 29.2 0.89 1.05 10.3 £ 0.8 £ 0.6
4.009 482.0 486 £ 27  25.2 0.94 1.04 103 £ 0.6 +£0.6
4.130 401.5 361 + 23  27.7 0.98 1.05 80+ 05+04
4.160 408.7 304 + 22 275 0.98 1.05 6.7+ 0.5+04
4.180 3194.5 2649 + 65 25.9 0.98 1.05 79+02+04
4.190 526.7 376 =25 26.5 0.99 1.06 6.6 £04+04
4.200 526.0 412 £ 26  26.5 0.99 1.06 72 +04+04
4.210 517.1 406 +£ 24  26.2 0.99 1.06 72+ 04+04
4.220 514.6 415 +£ 25  26.2 1.00 1.06 74 +05+04
4.230 1056.4 811 £ 36  23.7 1.00 1.06 78 +03+04
4.237 530.3 393 £25 26.2 1.00 1.06 6.8+ 04404
4.246 538.1 385 £ 26 26.3 1.00 1.06 6.6 £04+04
4.260 828.4 608 += 31  23.5 1.01 1.05 75+04+04
4.270 531.1 377 £ 25 26.2 1.01 1.05 6.5+ 0.4 +0.3
4.290 502.4 310 =22  26.6 1.00 1.05 56 £0.4 +0.3
4.315 501.2 320 + 23  26.7 1.01 1.05 57+ 0.4 +0.3
4.340 505.0 317 £ 23  26.6 1.02 1.05 56 £0.4 +0.3
4.360 543.9 342 + 23  23.0 1.02 1.05 6.5+ 0.4 +0.3
4.380 522.7 337 24 26.5 1.03 1.05 57+ 0.4 +0.3
4.400 507.8 208 £ 23 264 1.03 1.05 524+04+0.3
4.420 1043.9 579 £29 26.1 1.04 1.05 49 + 0.2 +£ 0.3
4.440 569.9 319 £ 23 26.3 1.04 1.05 49 £+ 04 4+ 0.3
4.600 586.9 245 +£ 20 25.1 1.07 1.06 3.7+ 0.3 £0.2
4.620 511.1 202 +£ 21  25.7 1.07 1.05 3.5 104 +0.2
4.640 541.4 227 £ 19  25.7 1.07 1.05 3.7+ 0.3 £0.2
4.660 523.6 210 £19 255 1.08 1.05 3.5 +03+0.2
4.680 1631.7 576 =31 25.5 1.08 1.05 3.1 4+02+0.2
4.700 526.2 193 £ 18 254 1.08 1.06 3.24+03+02

Table 2. Numerical results for ete™ — prta~. The first uncertainties for cross sections in the
most right column are statistical uncertainties and the second ones are systematic uncertainties,
while those for Nyps are statistical only.

o E/cp ratio. The uncertainty caused by the E/cp ratio requirement is estimated from
the control sample J/v — 77T 7 ~. The difference between data and MC simulation
is found to be 3.9%, which is taken as the systematic uncertainty.

e Decay depth in the u counter. The uncertainty caused by the requirement on the
decay depth in the u counter is estimated from the control sample J/v — 7077,
The difference between data and MC simulation is found to be 0.3% and is taken as
the systematic uncertainty.



Vs (GeV) | £; (pb™1) Nobs e (%) 1+07 ﬁ oBom (pb)
3.872 219.2 125+ 10 279 0.89 1.05 56 £0.5+0.3
4.009 482.0 216 £13  25.2 0.95 1.04 4.6 +£0.3 0.3
4.130 401.5 178 £ 12 254 0.98 1.0 43 +03+0.2
4.160 408.7 144 + 11 254 0.99 1.0 344+03+02
4.180 3194.5 1287 £29 244 0.99 1.06 4.04+0.1 £0.2
4.190 526.7 175 £ 12 24.8 1.00 1.06 3.2 +£0.240.2
4.200 526.0 198 =13  25.0 1.00 1.06 3.6 +0.2+0.2
4.210 517.1 185 £ 12 24.5 1.00 1.06 3.5+02+0.2
4.220 514.6 204 + 13 24.1 1.00 1.06 39+02+0.2
4.230 1056.4 382 £ 17 24.0 1.00 1.06 3.6 +0.2+0.2
4.237 530.3 190 =12 24.3 1.01 1.06 3.5+02+0.2
4.246 538.1 189 £ 12 244 1.01 1.06 344+0.240.2
4.260 828.4 279 £ 15 235 1.01 1.0 344+02=+02
4.270 531.1 191 £ 12 24.1 1.01 1.06 35+02=+0.2
4.290 502.4 143 £ 11 24.0 1.02 1.0 2.84+0.2+0.2
4.315 501.2 163 £ 11 24.3 1.03 1.05 3.1 +£0.240.2
4.340 505.0 155 &+ 11 239 1.03 1.06 3.0+£0.2+0.2
4.360 543.9 157 £ 11 228 1.04 1.06 3.0+£0.2+0.2
4.380 522.7 155 £ 11 23.7 1.05 1.06 29+02+0.2
4.400 507.8 132 + 10  23.7 1.05 1.0 25+£02=+0.1
4.420 1043.9 265 £ 15  24.1 1.05 1.0 24 +0.1=+0.1
4.440 569.9 142 £ 11 23.7 1.06 1.05 244+0.240.1
4.600 586.9 107+ 9  23.3 1.09 1.06 1.74+02=+0.1
4.620 511.1 83+ 8 225 1.10 1.06 1.6+0.2=+0.1
4.640 541.4 108+ 9 228 1.10 1.06 1.94+02=x0.1
4.660 523.6 83+ 8§ 225 1.10 1.06 15+£02+0.1
4.680 1631.7 260 £ 13 228 1.10 1.05 1.5+£01+0.1
4.700 526.2 72+ 8 227 1.10 1.06 13 +0.1=+0.1

Table 3. Numerical results for ete™ — np?. The first uncertainties for cross sections in the last
column are statistical uncertainties and the second ones are systematic, while those for Ny, are

statistical only.

e 1 mass window. The systematic uncertainty associated with the n mass window
requirement is estimated by changing the mass window range by +10 or —1o, where
o is the 1 mass resolution, the larger difference with and without change is taken as

the systematic uncertainty.

o J/1 veto. The systematic uncertainty from the J/iy-related background veto is
estimated by changing the .J/1 mass window from [3.05,3.15] GeV/c? to [3.06,3.14] or
[3.04,3.16] GeV/c?, and the larger difference with and without the change is taken as

the systematic uncertainty.




o Fit of M,,. The systematic uncertainties associated with the fit of the M., spectrum
are caused by the background shape and fit range. They are estimated by changing
the order of the Chebychev polynomial function from second to third and changing the
fit range from [0.35, 0.75] GeV/c? to [0.40, 0.80] or [0.30, 0.70] GeV/c?. The resulting
differences with and without change are taken as the systematic uncertainties.

e Fit of M+,.-. The systematic uncertainties associated with the fit of the M_+ -
spectrum come from the choice of signal and background description and fit range.
They are estimated by:

— fixing the parameters of the BW function to the values from the PDG [28];
— changing the order of the Chebychev polynomial function from second to third;

— changing the fit range from [0.30, 1.60] GeV/c? to [0.35, 1.65] or [0.25, 1.55]
GeV/c2.

The resulting differences with and without change are taken as the systematic uncer-

tainties.

o Intermediate state of az(1320). The intermediate state of a(1320) signal yield is
obtained from the fit to the M, + spectrum. The systematic uncertainty associated
to the fit model is estimated by replacing the original model by the alternative one
with additional factor accounting for the variation of the available phase space. As a
result, though the number of ay(1320) signal candidates is changed by about 18%; the
subsequent change of the cross-sections of the nm™ 7~ final state is found to be less
than 0.1% for all energy points. Therefore, the corresponding uncertainty is neglected.

e Kinematic fit. The uncertainty due to the kinematic fit requirements is estimated by
correcting the helix parameters of charged tracks according to the method described
in ref. [37]. The difference between detection efficiencies obtained from MC samples
with and without this correction is taken as the uncertainty. The uncertainties of the
process eTe” — nrT ™ are found to be less than 0.1% and are therefore neglected.

e ISR and VP correction. As mentioned in section 8, we use the energy-dependent
power function f(/s) = a/s™ to fit the line shape. The systematic uncertainty from
the ISR and VP correction is estimated by varying the n value by +10 or —1o, where
o is the statistical uncertainty of the fitted n value. The larger difference of the cross
sections caused by the above changes is taken as the systematic uncertainty.

e Detection efficiency. The detection efficiency is obtained by a weighted average for
the three different processes. The weight factors are the respective numbers of signal
events. We randomly change the number of signal events for each process according to
its statistical uncertainty and get new ratios between different processes. We mix the
three processes with the new ratios and get new efficiencies. By repeating the above
procedure, we obtain a group of detection efficiencies, which is almost a Gaussian
distribution. The corresponding standard deviation is taken as the uncertainty caused
by the detection efficiency. It is found to be less than 0.1% and is therefore neglected.

~10 -



V5 (GeV)

3.872 4.009 4.130 4.160 4.180 4.190 4.200 4.210 4.220 4.230 4.237 4.246 4.260 4.270

Luminosity measurement 1.0 1.0 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 20 20 20 20 20 20 20 20 20 20 20 20 20 20
PID efficiency 20 20 20 20 20 20 20 20 20 20 20 20 20 20
Photon detection efficiency| 2.0 2.0 2.0 20 20 20 20 20 20 20 20 20 20 20
Intermediate decay 05 05 05 05 05 05 05 05 05 05 05 05 05 05
R ratio 06 06 06 06 06 06 06 06 06 06 06 06 06 0.6
E/cp ratio 39 39 39 39 39 39 39 39 39 39 39 39 39 39
Decay depth in MuC 03 03 03 03 03 03 03 03 03 03 03 03 03 03
J/ veto 01 01 01 01 01 01 01 01 01 01 01 01 01 01
Fit range 02 o000 01 01 01 01 01 01 01 01 01 01 01 01
Background shape 01 00 00 00 00 00 00 00 00 00 00 00 0.0 0.0
ISR and VP correction 04 04 01 05 08 09 07 07 05 01 02 08 02 04
Sum 54 54 54 54 54 54 54 54 54 54 54 54 54 54

Vs (GeV)

4.290 4.315 4.340 4.360 4.380 4.400 4.420 4.440 4.600 4.620 4.640 4.660 4.680 4.700

Luminosity measurement 0 10 10 10 10 10 10 10 10 10 1.0 10 10 1.0
Tracking efficiency 20 20 20 20 20 20 20 20 20 20 20 20 20 20
PID efficiency 20 20 20 20 20 20 20 20 20 20 20 20 20 20
Photon detection efficiency | 2.0 20 20 20 20 20 20 20 20 20 20 20 20 20
Intermediate decay 05 05 05 05 05 05 05 05 05 05 05 05 05 05
R ratio 06 06 06 06 06 06 06 06 06 06 06 06 06 0.6
E/cp ratio 39 39 39 39 39 39 39 39 39 39 39 39 39 39
Decay depth in MuC 03 03 03 03 03 03 03 03 03 03 03 03 03 03
J/ veto 01 01 01 01 01 01 01 01 01 01 01 01 01 0.1
Fit range 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0
Background shape 00 00 00 00 00 00 00 00 02 02 02 02 03 03
ISR and VP correction 08 05 08 02 05 02 05 05 04 08 12 08 08 1.0
Sum 54 54 54 54 54 54 54 54 54 54 55 54 54 5.5

Table 4. The relative systematic uncertainties (%) for the process ete™ — nrtmw—.

Due to the limited sample size at other c.m. energies, the systematic uncertainties from

the event selection, mass window requirement and background veto are taken to be the

same as those at /s = 4.180 GeV. The total uncertainty in the cross section measurement

is obtained by summing the individual contributions in quadrature, and the dominant

uncertainties come from the tracking efficiency, PID efficiency, photon efficiency and E/cp

ratio requirement. Systematic uncertainties are summarized in tables 4 and 5 for the

processes ete™ — nrtw~ and ete™ — np, respectively.

8 Fit to the Born cross sections

The least-squares method is used to fit the Born cross sections under different assumptions.

In order to describe purely continuum production, we use the empirical energy-dependent

function

fi(v/s) =a/s"
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(8.1)




Vs (GeV) 3.872 4.009 4.130 4.160 4.180 4.190 4.200 4.210 4.220 4.230 4.237 4.246 4.260 4.270
Luminosity measurement 1.0 1.0 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 2.0 2.0
PID 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 2.0 2.0
Photon detection efficiency| 2.0 2.0 2.0 20 20 20 20 20 20 20 20 20 20 20
Intermediate decay 05 05 05 05 05 05 05 05 05 05 05 05 05 0.5
R ratio 03 03 03 03 03 03 03 03 03 03 03 03 03 03
E/cp ratio 39 39 39 39 39 39 39 39 39 39 39 39 39 39
7 Mass Window 03 03 03 03 03 03 03 03 03 03 03 03 03 03
Fit range 03 01 00 00 00 00 00 00 00 00 00 00 0.0 0.0
Background shape 03 03 03 03 03 03 03 03 03 03 03 03 03 03
Signal shape 10 10 10 10 10 10 10 10 11 10 10 10 10 09
Kinematic fit 04 06 08 08 08 08 08 08 08 08 08 08 08 08
ISR and VP correction 01 01 01 02 04 02 01 02 02 04 04 05 02 05
Sum 55 55 55 55 55 55 55 55 55 55 55 55 55 5.5
Vs (GeV) 4.290 4.315 4.340 4.360 4.380 4.400 4.420 4.440 4.600 4.620 4.640 4.660 4.680 4.700
Luminosity measurement 0 10 10 10 10 10 10 10 10 10 1.0 10 10 1.0
Tracking efficiency 20 20 20 20 20 20 20 20 20 20 20 20 20 20
PID efficiency 20 20 20 20 20 20 20 20 20 20 20 20 20 20
Photon detection efficiency| 2.0 2.0 20 20 20 20 20 20 20 20 20 20 20 20
Intermediate decay 05 05 05 05 05 05 05 05 05 05 05 05 05 05
R ratio 03 03 03 03 03 03 03 03 03 03 03 03 03 03
E/cp ratio 39 39 39 39 39 39 39 39 39 39 39 39 39 39
7 Mass Window 03 03 03 03 03 03 03 03 03 03 03 03 03 03
Fit range 00 00 00 00 00 00 00 00 02 02 03 03 03 04
Background shape 03 03 03 03 03 03 03 03 03 03 03 03 03 03
Signal shape 069 09 10 11 10 10 10 10 10 09 10 09 1.0 08
Kinematic fit 08 08 08 08 08 08 08 08 06 06 05 05 05 04
ISR and VP correction 08 02 05 04 05 05 02 05 09 04 06 05 07 09
Sum 55 55 55 55 55 55 55 55 56 55 55 55 55 55

Table 5. The relative systematic uncertainties (%) for the process ete™ — 7p°.

to fit the Born cross section which only considers the contribution from the one pho-
ton exchange process without any resonance contribution. The goodness-of-fit (GOF) is
x2/n.d.f. = 47.0/27 = 1.7 for the a7~ process and 47.5/27 = 1.8 for the np process.
Here, n.d.f. denotes the number of degrees of freedom. The x? function is constructed as
(UDi - U%»)Q
Y2 = Z TZ (8.2)

(2

Here, op, and a,ﬁjti are the measured and fitted Born cross sections of the ith energy point,
respectively, and §; is the standard deviation of the measured cross section, which includes
the statistical uncertainties only. The goodness of the fits indicates that the data can be
described by the energy-dependent function. The fit returns n = 3.5+ 0.1 and 3.8 £ 0.1 for
the processes nm ™ and np, respectively. The fit results are shown in figure 3. Potential
contributions from the well-established conventional charmonium states v or charmonium-
like states Y, i.e. 1(4160), Y (4230), Y (4360), 1(4415), and Y (4660), are investigated by
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Figure 3. Fit to the Born cross section with function a/s™ (left) for the ete™ — nrtn~ process
and (right) for the ete™ — np process. Here, the blue dots with error bars are the measured Born
cross sections, and the red solid lines show the fit results.

using the coherent sum of the continuum (eq. (8.1)) and an additional charmonium(-like)
state amplitude in the fit to the Born cross section. The fit function can be expressed as

2

1/2
o(V3) = fl(ﬁ)+BW(ﬁ)<m> el (5.3)

where the parameters a and n in fi(y/s) are fixed to those obtained from the fit to the

line shape using the function fi(y/s) only. The function BW(y/s) = sim is used
tot

to describe charmonium(-like) states, where M, B, I'¢e, and Iy are the mass, branching
fraction of the resonance decays, partial width to eTe™ and total width, respectively, in
which I'ee and B are left free while the other two parameters are fixed to the values from
the PDG [28], and I;DSS((\]\//[E)) is the three-body phase-space factor.

The statistical significances for the added components are estimated by comparing

the change of x?/n.d.f. with and without adding the corresponding component. Since
there is interference between the resonance and continuum process, there are two solutions
for TeeB(nmt 7~ /np) with the same minimum value of x2. Table 6 lists the fit results
and the significances for the additional charmonia. The low significances indicate that no
charmonium or charmonium-like states are required to describe the measured cross section.

9 Summary

The processes of ete™ — nrtr~ and ete™ — np® are studied at twenty-eight c.m. energies
in the energy region from 3.872 to 4.700 GeV. The Born cross sections are obtained for all
energy points. The lineshape of the Born cross section can be well described by the empirical
exponential function eq. (8.1). The significances for possible contributions from (4160),
Y (4230), Y (4360), 1(4415) or Y (4660) resonances are all less than 20. This indicates a
relatively small contribution from these resonances to the nr+ 7~ and np° final states. More
exploration of light hadron decay modes will be essential for a further understanding of the
charmonium(-like) states.
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Channel | Resonance I'c.B (eV) Solution I I'c.B (eV) Solution II ~ Significance (o)
1(4160) (7.4 £ 1.6)x1074 (9.6 = 0.1)x 1071 1.1
Y (4230) (5.4 + 3.4)x1074 (7.6 £ 0.1)x107! 1.6
nrta | Y(4360) (6.8 + 2.9)x10~* (10.9 4 0.2)x107* 0.6
1(4415) (7.8 £ 1.8)x1074 (6.4 + 0.1)x107! 0.7
Y (4660) (5.4 + 2.2)x1074 (5.2 £ 0.2)x107* 0.5
1 (4160) (4.4 + 1.5)x107* (4.8 £ 0.1)x107! 1.0
Y (4230) (2.4 £+ 1.0)x1074 (3.8 £0.1)x1071 1.1
np° Y (4360) (9.1 £ 1.1)x1074 (5.4 £ 0.1)x 1071 1.6
1(4415) (7.5 £ 2.1)x1074 (3.1 £0.1)x1071 1.5
Y (4660) (3.2 £ 1.1)x1074 (2.5 £ 0.1)x 107! 0.5

Table 6. Results of the fits to the Born cross section. Solution I represents the constructive solution,
and Solution II represents the destructive solution.
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