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storage ring at center-of-mass (c.m.) energies from 2.000 GeV to 3.080 GeV. The Born cross
section of the ete™ — wm™n™ process is measured, with precision improved by a fac-
tor of 3 compared to that of previous studies. A structure near 2.25GeV is observed
in the energy-dependent cross sections of ete™ — wrtr™ and wr’r® with a statistical
significance of 7.60, and its determined mass and width are 2232 + 19 4+ 27 MeV/c?
and 93 + 53 £+ 20 MeV, respectively, where the first and second uncertainties are sta-
tistical and systematic, respectively. By analyzing the cross sections of subprocesses
ete™ = wfo(500), wfo(980), wfo(1370), wf2(1270), and by (1235)m, a structure, with mass
M = 2200 + 11 4+ 17 MeV /c? and width I = 74 + 20 + 24 MeV, is observed with a combined
statistical significance of 7.90. The measured resonance parameters will help to reveal the

nature of vector states around 2.25 GeV.
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Introduction

The experiment of electron-positron collisions has long been a research topic in elemen-

tary particle physics wherein searches for exotic hadronic states have continuously received

much attention. Some exciting observations in the eTe™ experiments have been recently

reported in refs. [1-12]. Meanwhile, measurements of the cross sections of exclusive pro-

cesses are of particular interest for resolving the discrepancy of muon magnetic anomaly

a, = (gu — 2)/2 between experimental measurements and standard model (SM) predic-

tions. The latest result by the Muon g — 2 Experiment shows 3.3 standard deviation from



the SM prediction [13], implying a hint for the existence of new physics [14]. However,
to confirm this, further improvements in the precision for both experimental measurement
and theoretical prediction are necessary. Specifically, the precision measurements on the
cross sections of light hadron production in the ete™ annihilation are essential to reduce
uncertainties of theoretical calculations on the hadronic vacuum polarization contribution
and the muon anomaly a, [15-17].

The BaBar experiment has studied the process eTe™ — wa™7n~ using the initial
state radiation (ISR) method [18]. An indication of an isoscalar resonance structure
near 2.25 GeV was observed in its Born cross section line shape [19]. The systems w fo(500),
wf0(980), wfp(1370), and w f2(1270) have isospin zero, which are useful to search for excited
w and ¢ states, and important to confirm the structure near 2.25 GeV observed through the
BaBar experiment [19]. This structure may correspond to ¢(2170), w(2205), w(2290), and
w(2330), whose properties are poorly known in the particle data group (PDG) [20]. Many
interpretations have been proposed for ¢(2170), including a traditional ss state [21-26], an
s5g hybrid [27, 28], an ss3d tetraquark state [29-36], a AA bound state [37-41], and an
ordinary resonant state of ¢fy(980) produced by the interactions between the final state
particles [42, 43]. Recently, the ¢(2170) state was examined through the BESIII experiment
in the processes of eTe™ — KTK~ [44], KTK w70 [45], ¢/ [46], wn [47], KKY [48],
¢n [49], and 2(KTK~), pKT K~ [50]. The decay properties of w(2205) as a candidate of
w(3D), w(2290) and w(2330) as candidates of w(4S) states were discussed [51]. However,
further experimental studies of the decay properties of these resonances are highly desired
to reveal their natures.

In this paper, we report the measurement of Born cross sections for the ete™ — wntm™
process using the data collected in an energy scan at 19 c.m. energies (1/s) from 2.000 GeV
to 3.080 GeV with a total integrated luminosity of 647 pb~'. The detailed values of c.m.
energies and integrated luminosities of various data sets are presented in section 5.2. Com-
bined with the previous measurements of the eTe™ — wr7? process [52], the cross sections
of the eTe™ — wrm process are obtained. In addition, the cross sections of the subprocesses
via some intermediate states (e.g., ete™ — w fy(500), w f5(980), w fo(1370), wf2(1270), and
b1(1235)7) are determined.

2 BESIII detector and Monte Carlo simulation

The BESIII detector [53] records symmetric e™e™ collisions provided by the BEPCII stor-
age ring [54], which operates in the c.m. energy range within 2.000-4.950 GeV. BESIII has
collected large data samples in this energy region [55]. The cylindrical core of the BESIII
detector covers 93% of the full solid angle and comprises a helium-based multilayer drift
chamber (MDC), a plastic scintillator time-of-flight system (TOF), and a CsI(Tl) electro-
magnetic 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/c is 0.5%, and the specific ionization en-
ergy loss dE /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.

Monte-Carlo (MC) events, including the geometric description of the BESIII detec-
tor and the detector response, are produced using GEANT4-based [56] offline software
BOSS [53]. Two million of inclusive MC events, ee™ — hadrons, are used to estimate the
background contamination. They are generated using a hybrid generator, which integrates
PHOKHARA [57, 58], ConExc [59, 60], and LUARLW [62] models. The PHOKHARA
model generates 10 well parameterized and established exclusive channels. The Conkxc
model simulates a total of 47 exclusive processes according to a homogeneous and isotropic
phase space population and then reproduces the measured line shapes of the absolute cross
section. The remaining unknown decays of virtual photon are modeled by the LUARLW
model.

Signal MC events for the ete™ — wn™n~ process with subsequent decays w — 77~ 79
and 7 — v are generated by using the amplitude model with parameters fixed to the
helicity amplitude analysis results, and the significant intermediate states are included with
the ISR effects.

3 Event selection and background analysis

A data sample of the ete™ — nta~nT 7~ 70 process is selected by requiring the net charge
of four charged tracks to be zero and at least two photons. Charged tracks detected in the
MDC are required to be within a polar angle (6) range of |cos §|<0.93, where 6 is defined
with respect to the z-axis, which is the symmetry axis of the MDC. For charged tracks,
the distance of the closest approach to the interaction point (IP) must be less than 10 cm
along the z-axis of the MDC, |V,|, and less than 1 cm in the transverse plane, |V,,|. Photon
candidates are identified using showers in the EMC. The deposited energy of each shower
is 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 should be greater than 10 degrees. To suppress electronic noise and showers
unrelated to the event, the difference between the EMC time and event start time must be
within (0, 700) ns.

To improve the mass resolution and suppress the background contribution, a four-
constraint (4C) kinematic fit imposing four-momentum conservation is performed under
the hypothesis of the eTe™ — 2(7 "7~ )7 process. When more than two photons exist, the

combination with minimum XEC is retained for further analysis. Based on an optimization
Ns
Ns+Ny
the numbers of events in the w signal region for signal MC sample and data, respectively,
+

of the signal-to-noise ratio for the requirement on Xic, where N, and N, + Ny are

candidate events with 35 < 40 are accepted for further analysis. The wn 7~ events are

+ 0 combinations with

reconstructed by selecting the w candidates from all the four 777~ 7
minimal mass difference from the w known mass [20]. The 7 candidate is reconstructed by
the vy combination with a mass window of 0.12<M,,<0.15 GeV/ ¢?, and the w signal region

is defined with a requirement of 0.758<M, . 0<0.808 GeV/c?. To estimate the back-



Figure 1. Feynman diagrams of the quasi-two body processes for eTe™ — wrtn™.

ground, the w sidebands are defined as [0.733 , 0.758] GeV/c? and [0.808, 0.833] GeV/c2.
The ete™ — ntn~ntn~ 70 process is found to be the dominant background source by an-
alyzing the inclusive MC sample [63]. No peaking background is found in the signal region.

The selection of the 37 combination for w candidate may lead to a wrong w7~ 7°
combination. The ratio due to the mis-combination is examined by matching the MC
truth to the reconstructed final state particles using a sample of 0.5 million MC events for
the eTe™ — 2(nt77)7% process. When a charged pion is assigned to be from the wrong
w candidate, an event will be marked as “mis-combination”. The ratio of the number of
mis-combination w to the total number of events is about 1.0% on average. The mis-
combination yields will be subtracted from the w candidate events when calculating the

+

€+67 — wrmw~ Born cross section.

4 Amplitude analysis

4.1 Kinematic variable

The eTe™ — wrt 7™ events selected with the kinematic constraints are produced from the
eTe™ annihilation into a virtual photon, which then transformed to light quarks, followed
by hadronization into the 7% (p1)m~ (p2)w(p3) final sates, where p; (i = 1,2,3) denote the

momenta reconstructed for the associated particles. The eTe™ — wrn™

T process may
be from the quasi-two body process of eTe™ — Riw, R1 — 777~ (a); ete™ — 7~ RJ,
Ry — mfw (b) and eTe™ — 7Ry, R, — 7w (c), with Feynman diagrams shown in
figure 1, where R; and R;t denote the intermediate states. In the amplitude analysis, the
intensity for each process is described with the helicity amplitude, which is constructed as
the amplitude production of two sequential decays in the helicity frame. Taking process
(a) as an example, figure 2 shows the definition of helicity rotation angles, where the

R; polar angle, QHS]E ], is defined as the angle spanned between the R; momentum and

positron moving direction, and the azimuthal angle qﬁﬁg]g J'is the angle between the R
production plane and its decay plane. For the Ry — 77~ decay, the azimuthal angle,
¢E]2 }, is defined as the angle between R; production plane and its decay plane, formed
by the 777~ momentum. After boosting the two pion momenta to the R; rest frame,
[12]
1

they remain in the same decay plane. The polar angle 9[ ] for 77 is defined as the angle

between the 777~ and R; momentum in the Ry rest frame. Helicity angles for processes



Figure 2. Helicity rotation angles defined for the process ete™ — Rijw, Ry — ntrw

Processes Helicity angles Amplitudes
e o (m) > BiOrwi) O o FL
Ry — ntm™ 9[1217 ¢[12] FOI,{(}

— - - 123 123] -
I eV R 0
Ry — w(hg)wt 9[13]= ‘75[13] F§20

37

— - _ 123] |, [123] *
ete”™ = y*(m) —» Ry (A_)m™ 9[ 43{23] F)l_,o
Ry = wh)m- 0[23]7 o Fi7

Table 1. Definitions of helicity angles and amplitudes for sequential processes (a), (b), and (c).
Here, \; and m denote the helicity values for individual particle and the spin z projection of virtual
photon in electron-positron annihilation.

(b) and (c) are defined in the same manner. Table 1 lists the definitions of helicity angles
and amplitudes for the three processes.

4.2 Helicity amplitude

The amplitude for process (a) reads

(m, A3) = ZFAR A3 717;<)\R—)\3(¢F2}3] GHS]?’]?O)BW(mlz)FoSD,\R0(¢{12] 9[112],0) (4.1)

where D;]W\(qﬁ,@,O) is the Wigner-D function, J is the spin of resonance R;, and BW
denotes the Breit-Wigner function.
The amplitude for process (b) reads

MC )

123] 123 *

At
,\+,>J
XD}\g,)\g(qbgveé’O)v (4'2)

where J is the spin of R; . Since the w helicity defined in this process is different from
that defined in process (a), a rotation should be performed to align the w helicity to



coincide with that in process (a) by the angle (65, ¢%). This issue has been addressed in
the analyses [64, 65] and proved in ref. [66].
The amplitude for process (c) reads

123] ,[123 R 23 23
m )\3 Z F/’\Y OD ¢{23] ], 0[23 }, )BW(mQ,?,) )\// >\ )\N (¢[ ] 0[3] ], O)
)\//

XD/\g)\g, (¢3793?0)7 (43)

where J is the spin of R;. The Wigner function Dy, , (¢4,64,0) is used to align the w
3513
helicity to coincide with that defined in process (a).
The non-resonant three-body process ete™ — wrtn™ is also considered, and its am-
plitude is written as [67-70]:

(m, A3) = Z xs Do (e, B,7), (4.4)

where p is the z-component of spin J in the helicity system; m(A3) is the helicity value
for v*(w); o, B, are the Euler angles as defined in refs. [67-70]; and F), ), is the helicity
amplitude. The process conserves the parity and thus leads to Fy , = —F4 _y, and
Fo g = Fo,—xs-

To match the covariant tensor amplitude, we expand the helicity amplitude in terms
of the partial waves for the two-body process in the LS-coupling scheme [68-70]. It follows

9 1 1/2
Fl,=% ( L+ ) (10868].J8) (sho — v|S8) g7 (4.5)

2J +1 Bl(TQ),
for a spin-J particle decay J — s+ o, and A and v are the helicities of two final-state
particles s and o with § = A — v. The symbol g;g is a coupling constant, S is the total
intrinsic spin S = s+ o, and [ is the orbital angular momentum, r = |r|, where r is the
relative momentum between the two daughter particles in their mother rest frame and rg
corresponds to the invariant mass of the resonance which is equal to its nominal mass. The
Blatt-Weisskopf factor Bj(r) [68-70] up to [ = 4 takes the form

Bo(r)/Bo(ro) = 1,

V1 (dro)?

Bi(r)/Bi(ro) = W’
V94 3(dro)? + (dro)?

BQ(T)/BQ(TO) - \/9+3(d7‘)2 I (dT‘)4 ’ (46)
/225 45(dro)® £ 6(dro)t + (dro)®

Bs(r)/Bs(ro) = /225 + 45(dr)? + 6(dr)* + (dr)S

By(r)/Ba(rg) = /11025 + 1575(dro)® + 135(dro)* + 10(dro)® + (dro)®

/11025 + 1575(dr)? + 135(dr)* 4 10(dr)6 + (dr)8

where parameter d is constant fixed to 3 GeV~! [64].



The differential cross section is given by
2

dd, (4.7)

3

Z Ai(m, )\3)

1
do =3 > Q%) 2

m,A\3

where m = 41 is due to the virtual photon produced from unpolarized eTe~ annihilations,
A3 is the w helicity value, and d® is the element of a standard three-body phase space. The
variable Q(A3)(= |e(A3) - (q1 X q2)[?) is the w decay matrix into the 7777 final states,
where ¢ is the w polarization vector and qi(qz) is the momentum vector for 7+ (77) from
the w decay. Here, we factor out the Breit-Wigner function describing the w line shape
into the MC integration when applying the amplitude model fit to the data events.

4.3 Simultaneous fit

The relative magnitudes and phases for coupling constants are determined by an unbinned
maximum likelihood fit. The joint probability for observing N events in one data set is

N
L= HPi(p17p27p3ap4ap5)7 (48)
i=1
where p; (j = 1,2,...,5) denote the four-vector momenta of the final states and P; is a

probability to produce event ¢ with the momenta of the final states. The normalized P; is
calculated from the differential cross section
(do/d®);
OMC .
Here, the normalization factor oyc is calculated using a signal MC sample with Nyic

Py = (4.9)

accepted events, which are generated with a uniform distribution in phase space and sub-
jected to the detector simulation, and then are passed through the same event selection
criteria as applied to the data events. With a signal MC sample of two million events, the
omc is approximately evaluated as

N
1 ' ( do )
OMC X —/— - . 4.10
Ny ; de /,; ( )
For technical reasons, rather than maximizing £, the object function, S = —1In £, is min-

imized using MINUIT [71]. To subtract the background events, the object function is
replaced with
S=-InL=—(InLyata — h’lﬁbg), (4.11)

where Lgata and Ly are the joint probability densities for data and background, respec-
tively. The background events are obtained by the normalized w sidebands.

We perform a simultaneous fit to an ensemble of the wn ™7~ events with different c.m.
energies, and their amplitudes sharing same coupling constants describing the intermediate
state processes. The total object function is obtained as the summation of individual ones:

N
§'=-=Y "InLj, (4.12)
j=1

for the total IV sets of data events.



After the parameters are determined in the fit, the signal yield of a given subprocess
can be estimated by scaling its cross section ratio r; to the number of net events

Ni = 14(Nops — Nog), with r; = —- (4.13)
Ttot

where o; is the cross section for the i-th subprocess as defined in eq. (4.7), oot is the total
cross section, Nyps is the number of observed events, and Ny, is the number of background
events.

The statistical uncertainty, § N;, associated with the signal yield V; is estimated accord-
ing to the error propagation formula using the covariance matrix V', obtained from the fit:

Npars Npars
ON; ON;
SN}? = ( - ) Vi (X), (4.14)
mz::l 7; OXm 0Xn /) x=p

where X is a vector containing parameters and p contains the fitted values for all param-
eters. The sum runs over all Npars parameters.

4.4 Intermediate states and significance check

In terms of the 777~ mass spectrum shown in figure 3 for 12 of the 19 samples, the f,(980)
signals are significantly observed in the data events at c.m. energies below 2.3094 GeV. In

the low 7t

7~ energy region, fo(500) resonance may have some contributions. In the high
energy region, fp(1370) and f2(1270) resonances are included in the amplitude model. The

f0(980) line shape is parameterized with the Flatté formula:

1

BW(s) = — mg + i(g1pxn(s) + 920K (5))

(4.15)

where p(s) = 2k//s; k is the c.m. momentum of the m or K in the resonance rest
frame; g7 and z—f are fixed to the measured values of 0.138 + 0.010 GeV? and 4.45 + 0.25,
respectively [72, 73]; and my is the mass of the resonance f5(980) (mg=0.990 GeV /c?).

For the fy(500) line shape, many types of energy-dependence-width parameterizations
exist in the literature [72, 73], among which we choose the E791 parameterizations (used
by the E791 Collaboration) in the nominal fit:

1 4m2
B = ithI' =+4/1— T 4.1
W(s) = g, with T = 1 2251, (4.16)

where mg and T’y are the fo(500) mass and width, respectively.
For the other resonances (e.g., fo(1370), f2(1270), b1(1235), p(1450)* and p(1570)%),
the width is considered constant, and the line shape is described with the Breit-Weigner

function, in which their masses and widths are fixed to the PDG values, as given in table 2.

The partial wave analysis (PWA) fit procedure begins by including all possible inter-
mediate states in the PDG that match J”C conservation in the subsequent two-body decay.
Then we examine the statistical significance of the individual amplitudes. Amplitudes with
statistical significance less then 5o are dropped. This procedure is repeated until a baseline
solution is obtained with only amplitudes having a statistical significance greater than 5¢.



Resonance Mass (GeV/c?) Width (GeV) Group A Group B
£o(500)  0.507 (0.400~0.550) 0.475 (0.400~0.700) 8.4 14.00
f0(980) 0.990 + 0.020 — 15.00 11.80
fo(1370) 1.350 £ 0.050 0.200 £ 0.500 12.60 9.10
f2(1270) 1.2755 + 0.0008 0.1867 £+ 0.0022 12.60 11.00
bli(1235) 1.2295 + 0.0032 0.142 £ 0.009 11.10 19.00
p(1450)* 1.465 + 0.025 0.400 + 0.060 440 8.30
p(1570)% 1.570 <+ 0.070 0.144 + 0.090 6.10 430

Table 2. Masses and widths of the intermediate states and statistical significances of individual
intermediate processes in group A and group B data sets.

V5 (GeV) wfo(500) wfo(980) wfo(1370) wfa(1270)  bF(1235)7  wrtw~
2.0000 58.6 & 23.6 446.4 + 424 200.4 £+ 50.3 1672 4+26.8 27.8+89 1.1 +1.1
2.1000 45.1 4+ 19.9 578.4 + 46.7 197.6 +46.3 130.0 £25.1 93 +6.6 10.9+ 10.1
2.1250  720.2 & 76.9 2281. & 104.8 787.2 &+ 117.8 759.5 4+ 85.6 316.0 &+ 41.1 24.6 + 5.1
2.1750  130.3 4+ 23.7 242.9 £ 29.7 59.0 +£24.5 57.14+20.3 554+ 11.5 154+ 8.1
2.2000 98.5 & 20.7 262.9 £+ 31.1 305.7 £ 47.0 146.7 +30.5 133+ 7.8 13.0+ 10.3
22324 100.5 & 15.7 242.8 £ 25.7 187.7+33.9 50.5 4 14.6 239+ 89 64.0+ 8.8
2.3094  205.4 4+ 41.7 63.0 £24.8 3214269 1458+ 33.8 17.6+99 121+ 6.3
2.3864 1151 +£21.4 357+ 154 727+ 30.7 1673+ 325 262 +88 430+ 7.3
2.3960  441.1 +42.3 70.8 £24.3 399.2 4+ 62.4 115.6 4 33.8 133.0 = 27.5 15.4 + 10.7
2.6444 97.6 +£20.1 42.8 +£14.8 49.2+223 656+ 19.8 429 £ 11.4 97.0+ 22.2
2.6464  104.0 +£ 15.6 85.6 =£21.2 100.7 +25.8 692+ 14.2 75.6 &+ 10.3 18.3 + 12.4
2.9000  194.0 +£24.7 350+ 17.2 4744254 5854 19.1 112.0 + 13.2 325+ 6.7

Table 3. Signal yields of the subprocesses at various selected energy points, where the uncertainties
are only statistical. The last column is the non-resonance part.

The 12 samples were divided into two groups, with group A including the energy
points of /s = 2.0000, 2.1000, 2.1250, 2.1750, 2.2000, 2.2324 GeV, and group B including

Vs = 2.3094, 2.3864, 2.3960, 2.6444, 2.6464, 2.9000 GeV according to the 777~ invariant
mass distributions at various energy points.

The statistical significance of each amplitude is evaluated by incorporating the changes
in likelihood and number of degrees of freedom with and without the corresponding
amplitude being included in the simultaneous fit. The significance for each intermedi-
ate state is listed in table 2. We take the subprocess with a significance greater than
50 in both group A and group B data sets to be the baseline solutions, including the

ete™ — wfo(500), wfo(980), wfo(1370), wfa(1270) and bf (1235)7F processes.



4.5 Fit results

Signal yields for the data sets are calculated using eq. (4.13), and their statistical uncer-
tainties are derived using eq. (4.14), which includes the correlation among parameters.
The signal yields are given in table 3. Projections of invariant masses for individual energy
points are shown in figure 3. The combined energy points of mass projections of fit results
for groups A and B are shown in figure 4 and figure 5, respectively.

5 Born cross section

5.1 ISR correction factor

In the direct ete™ collision experiments, the observed cross section, oops(s), at the c.m.
energy +/s for ete™ — wnm~ is the Born cross section, og(s), convolved with the ISR
function W (s, z) [60, 61]. To unfold the Born cross section, the ISR correction factor

should be defined as
Uobs(s)

1+6= ools) (5.1)
with v )
Gons(5) = /Mth W(s, x)mczx, (5.2)

where II(y/s) is the vacuum polarization function. We use the calculated results, including
the leptonic and hadronic parts both in space- and time-like regions [74-78]. The My
corresponds to the wn ™7~ mass threshold, and x is the ratio of the ISR photon energy to
the beam energy.

Calculations of the ISR correction factor and the MC event generation are consis-
tently performed using the generator model “ConExc” [60], and the dressed cross sections
o (s) are taken from the BaBar experiment (y/s < 2.000GeV) [18] and this measure-
ment (/s > 2.000 GeV). To achieve stable cross sections in this measurement, the proce-
dure of the ISR correction factor calculation and the MC event generation for the Born
cross section calculation are iterated serval times. The iteration is stopped if the updated
Born cross section reaches the accuracy within statistical uncertainty. The ISR correction
factors for various energy points are given in table 4.

In the MC event generation, the ISR photon is characterized by the soft energy and
beam collinear distribution. Its angular dependence is sampled with the Bonneau and
Martin formula with an accuracy of up to the m?2/s term;

§i ) 9 — z2sint9 ’Lﬁ (1—2z) sin? —x2 cos? 0
n 2(a?—22+2)  EZ 222212

(sin2 0+ %g cos? 9)2

PO,z) = , (5.3)
where 6 is the polar angle of the ISR photon, m,. is the electron mass, and F is the
beam energy. After the photon emission, the v* — wr 7~ events are generated with the
amplitude model with parameters fixed to the fitted values so that the measured interme-
diate states are inclusively simulated. Figure 6 shows an example of the MC simulation
at /s = 2.125GeV, in which we can observe a good agreement between data and MC
simulation in the mass distribution.

~10 -
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of the fit results, and shaded histograms (green) are the background estimated by the w
mass sideband. The subplots are for data sets /s 2.0000 (a), 2.1000 (b), 2.1250 (c),
2.1750 (d), 2.2000 (e), 2.2324 (f), 2.3094 (g), 2.3864 (h), 2.3960 (i), 2.6444 (j), 2.6464 (k),
and 2.9000 (1) GeV.
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range between the two red vertical solid lines is regarded as the signal region, and those between
the yellow and red vertical lines on each side of the signal peak are regarded as the sideband regions.

5.2 Cross section for ete™ —» wrnta™

The signal yields are determined by an unbinned maximum likelihood fit to the 7tz ~7°

invariant mass distribution of the w candidates. In the fit, the signal shape is modeled with
the MC histogram smeared with a Gaussian function for the resolution difference between
data and MC simulation. The background is dominated by the process eTe™ — 2(r* 7~ )70,
and the corresponding shape is described by a second-order Chebychev polynomial. The
parameters of the Gaussian function, the background polynomial and the yields of signal
and background are floated. Figure 7 shows the fit results at /s = 2.125 GeV. The Born

cross section is calculated from

B Nsig - Nmis

7T € Br(w— ntn=a0) - Br(r0 = ) - (14+4)’

(5.4)

9 mass distribution,

where Ny is the number of signal events obtained by fitting the 77~ 7
Npis the mis-combination yield, £ the integrated luminosity, and € the detection efficiency
obtained from the MC simulation according to the PWA result. Br(w — 77~ 7%) and
Br(n? — ) are the branching fractions quoted from the PDG [20], and (14 §) represents
the correction factors due to the ISR effect and vacuum polarization. The resulting Born

cross sections and related variables are summarized in table 4.

5.3 Cross sections for the intermediate subprocesses

The Born cross sections for the intermediate subprocesses are determined with the total
Born cross sections of the ete™ — wrtn™ process and the PWA results. Using a signal
MC sample of events generated uniformly in the phase space without the ISR effect, the
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Vs (GeV) Niig Niis L(pb~1) 14906 € oB(pb)

2.0000 1008 £ 37 10 £ 3 10.1 1.1819 0.1775 534.3 £+ 19.8 + 29.9
2.0500 239 + 18 3 £2 3.4 1.1912  0.1615 421.3 £+ 32.0 + 23.4
2.1000 952 + 37 9 +£3 12.2 1.1707 0.1764 424.6 + 16.7 + 22.7
2.1250 8013 + 103 80 +£9 109.0 1.1715 0.1704 413.6 £ 5.4 + 22.3
2.1500 207 + 17 2 +1 2.9 1.1649 0.1587 446.4 + 37.4 + 29.1
2.1750 863 + 34 9 £3 10.6 1.1789 0.1646 471.0 £ 18.8 4+ 24.6
2.2000 971 + 36 10 + 3 13.7 1.1858 0.1631 411.5 + 154+ 21.4
2.2324 821 + 32 8 £+ 3 11.9 1.1986 0.1556 415.6 + 16.4 + 23.0
2.3094 856 + 35 9 +£3 21.1 1.2543 0.1503 241.6 + 10.0 + 14.4
2.3864 664 =+ 30 7T £3 22.6 1.3953 0.1470 1608 £ 7.3 + 8.4
2.3960 1943 £ 53 19 +4 66.9 1.4114 0.1324 1749+ 48 + 9.5
2.6444 624 + 29 6 + 2 33.7 1.4456 0.1228 1172+ 55+ 6.3
2.6464 606 + 29 6 +2 34.1 1.4463 0.1481 932+ 454+ 5.3
2.9000 999 £36 10 £3 106.0 1.6241 0.1035 63.0 £ 2.3+ 3.6
2.9500 136 + 14 2 +1 16.0 1.5524 0.1044 59.9 £ 59+ 3.9
2.9810 130 + 13 2 +1 16.1 1.5029 0.1101 59.3 £ 5.6 =+ 3.3
3.0000 119 + 12 1 +1 15.9 1.5038 0.1076 52.7 + 54 £ 3.5
3.0200 134 + 13 2 +£1 17.3 1.5308 0.1058 54.1 + 53 £ 3.2
3.0800 543 + 28 5 £3 126.2 1.7893 0.0776 3524+ 1.8+ 2.6

Table 4. Summary of the signal yield (Ngig), number of mis-combination events (Nmis), integrated
luminosity £, ISR correction factor (1 + J), detection efficiency (¢), and total Born cross section
of ete™ — wrtr™ (0F) at various energy points /s. The uncertainties of Nyjg and Nys are only
statistical. The first and second uncertainties of Born cross sections are statistical and systematic,
respectively.

ratio of the Born cross section for a subprocess R to the total cross section is determined.

OR
M
Otot

TR = (5.5)

where or and oy are obtained by the partial wave amplitude weighted MC sample. The
Born cross sections of the intermediate subprocess at each of the selected energy points are
given in table 5.

6 Systematic uncertainties

6.1 Uncertainties for intermediate subprocesses

The uncertainties for the measurements of intermediate subprocesses due to the PWA
originate from the parameterizations of the fo(500) and f,(980) states, the resonance pa-
rameters, insignificant contributions for some intermediate states, and background contam-
ination.
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Vs (GeV) wfo(500)

w fo(980)

w fo(1370)

2.0000 37.7 £ 152+ 5.0 237.3 £ 22.6 £ 31.3 114.0 £ 28.6 £ 15.1
2.1000 34.7 +£15.3£ 5.5 1171+ 9.5 £ 18.6 60.3 £ 14.1 &+ 9.6
2.1250 456 + 49 £ 5.0 1443+ 6.6 £ 15.7 498 £ 7.5+ 54
2.1750 91.1 £ 16.6£ 6.7 210.1 &+ 25.7 £ 38.5 90.3 £ 37.5 £ 16.5
2.2000 78.2 4+ 164+ 7.0 1334 + 15.8 £ 29.0 155.1 £ 23.9 + 33.7
2.2324 63.8 £ 10.0£ 2.5 154.1 + 16.3 £ 30.1 119.2 £ 21.5 £ 23.3
2.3094 73.1 £ 14.9+ 3.0 524 £ 206 £ 9.3 424+ 355+ 7.5
2.3864 345+ 6.4 +£5.8 30.7 £ 132+ 5.2 21.8 £ 9.2+ 3.7
2.3960 504+ 48 £ 1.5 48.1 £ 16.5 + 11.0 45.6 £ 7.1 £ 10.5
2.6444 23.1 &+ 4.8 £ 2.2 101 £ 35+ 1.0 116 £ 53+ 1.1
2.6464 20.3 £ 3.1 £ 3.8 16.7+ 42+ 3.2 19.6 £ 5.0+ 3.7
2.9000 157+ 2.0 £ 1.7 28+ 14+ 0.3 3.8+ 20+ 04
Vs (GeV) wfo(1270) bE(1235)7F non-resonant wmw
2.0000 107.6 £ 17.3 + 14.2 1794+ 5.7+ 24 19+ 19+£0.1
2.1000 71.3 £ 13.8 £ 11.3 102+ 73 £1.6 6.0 £ 5.6 £0.3
2.1250 48.0 £ 54+ 5.3 199 +£ 26 £ 22 16 £ 0.3 £0.1
2.1750 56.1 + 19.9 + 10.3 39.1 &£ 81+ 7.2 3.6+ 1.9+£02
2.2000 90.3 + 18.8 £+ 19.6 26.8 £ 15.74+ 5.8 6.1 = 48 £ 0.3
2.2324 49.2 £ 14.2 £ 9.6 152+ 5.7 £ 3.0 83+ 1.2£0.5
2.3094 434 £ 10.1 £ 7.7 6.3+ 36£1.1 08+ 04=£0.1
2.3864 224+ 44+ 3.8 79+ 27+£1.3 96 £ 1.6 £ 0.5
2.3960 132+ 39=£ 3.0 152+ 3.1£35 0.7+ 05=£0.1
2.6444 155+ 47+ 15 102 £ 2.7 £ 1.0 244+ 05+£0.1
2.6464 135+ 28 &£ 26 14.8 &£ 2.0 £ 2.8 19+ 1.3+0.1
2.9000 4.7+ 16+ 0.5 90+ 1.1+£1.0 29+ 06 +0.2

Table 5. Born cross sections for the subprocesses at various selected energy points in unit of pb,

where the first and second uncertainties are statistical and systematic, respectively.
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o In the nominal fit, we take the f,(500) line shape as that used by the E791 Collabora-
tion. The uncertainty associated with this parametrization is estimated by replacing
it with those in ref. [73]. The difference in the signal yield of each intermediate state
is considered as the systematic uncertainty.

o The parameters of the f(980) Flatté formula in the nominal fit are fixed to the
measurements [72, 73]. The uncertainties are estimated by varying the resonance
parameters by one standard deviation. The differences in the signal yields are con-
sidered as the systematic uncertainties.

o The masses and widths of intermediate states fy(1370), f2(1270), and b1(1235) are
fixed to the PDG values [20] in the nominal fit. The associated uncertainties are
estimated by varying masses and widths by 410 respectively. The differences are
taken as the corresponding systematic uncertainties.

 The two resonances p(1450)* and p(1570)* are insignificant and not included in the
baseline solution. The differences of the fits with and without the two resonances in
the signal yields are assigned as systematic uncertainties.

o To estimate the uncertainties associated with background contamination, alternative
fits are performed by changing the number of background events with one standard
deviation for various energy points. The differences in the signal yields are considered
as the systematic uncertainties.

All these uncertainties are added in quadrature to provide the total systematic uncertainties
of intermediate states (table 5).

6.2 Uncertainties for the measurements of o(ete™ — wntn™)

The sources of systematic uncertainties associated with the Born cross section measure-
ments include the tracking efficiency, photon detection, kinematic fit, 7° mass window
requirement, fit procedure, radiative correction, luminosity measurement, and branching
fraction of w — 777~ 70, These sources are described as follows:

o The uncertainty due to the tracking efficiency is estimated as 1.0% per track [79].
o The uncertainty due to the photon detection is 1.0% per photon [80].

e The uncertainty associated with the kinematic fit originates from the inconsistency
between the data and MC simulation of the track helix parameters. Following the
procedure described in ref. [81], half of the difference in the detection efficiencies with
and without the helix parameter correction is regarded the systematic uncertainty.

o The 7¥ candidate is selected by requiring | M., — 0.135/<0.015GeV/c?. By changing
this requirement to | M., —0.135/|<0.018 GeV /c? or | M, — 0.135|<0.013 GeV/c?, the
larger difference in the measured cross section is considered as systematic uncertainty.
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Vs (GeV) Trk e, 4C 7% ISR SS BS Fit £ Br Ayc Model Total
2.0000 4.0 20 1.1 12 1.0 19 01 02 1.0 08 02 15 5.6
2.0500 4.0 2.0 11 1.0 1.0 20 06 03 1.0 08 02 1.3 5.6
2.1000 4.0 2.0 12 12 1.0 14 01 05 1.0 08 02 07 53
2.1250 4.0 2.0 11 11 1.0 1.7 01 03 1.0 08 02 09 5.4
2.1500 4.0 2.0 1.1 20 1.0 35 02 05 1.0 08 02 1.2 6.5
2.1750 4.0 2.0 11 03 1.0 1.4 03 07 1.0 08 02 06 5.2
2.2000 4.0 20 10 1.1 1.0 1.0 04 01 1.0 08 02 1.0 5.2
2.2324 40 20 1.1 09 10 09 09 1.9 1.0 08 02 04 5.5
2.3094 40 20 13 10 1.0 1.7 03 24 1.0 08 02 08 5.9
2.3864 40 20 14 07 10 08 01 02 10 08 03 1.0 5.2
2.3960 4.0 2.0 12 02 1.0 1.8 09 09 1.0 08 03 03 5.4
2.6444 40 20 1.1 04 10 17 07 09 1.0 08 03 05 5.3
2.6464 40 2.0 13 04 1.0 1.8 1.1 1.1 1.0 08 03 1.3 5.6
2.9000 4.0 20 16 20 1.0 15 05 02 1.0 08 03 05 5.7
2.9500 4.0 20 1.5 20 10 35 04 06 1.0 08 03 05 6.5
29810 4.0 20 15 20 1.0 20 03 02 1.0 08 03 08 5.9
3.0000 40 20 14 30 10 30 06 07 10 08 03 07 6.7
3.0200 40 20 15 10 1.0 25 05 02 1.0 08 03 1.0 5.8
3.0800 4.0 2.0 13 20 1.0 45 08 06 1.0 08 04 09 7.2

Table 6. Systematic uncertainties (in unit of %) of the ete™— wr ™7~ cross section measurements

at various energy points (4/s). The main sources are from track efficiency (Trk), photon detection
efficiency (e,), 4C kinematic fit (4C), 7° mass window (7°), ISR effect, signal shape (SS) and back-
ground shape (BS), fit range (Fit), luminosity measurement (£), w decay branching fraction (Br),
MC statistics (Apc), and MC model. Meanwhile, the total uncertainty for each point (Total) is
obtained by summing the individual contributions in quadrature.

e The uncertainties due to the choices of signal shape, background shape, and fit range

are estimated by varying the signal function from the Breit-Wigner to the MC simu-

lated shape convolved with a Gaussian resolution function. Another technique is vary-

ing the background function from the second-order to third-order Chebychev polyno-
mial and by extending the fit range from (0.65, 0.89) GeV/c? to (0.64, 0.90) GeV /c?.

The differences in the signal yields are considered as systematic uncertainty.

e The ISR correction factor is calculated with the line shape of Born cross sections,

which is smoothed by fitting the cross section distribution with five Gaussian func-

tions. The signal MC samples with the ISR effect are generated according to the

input line shape. Using the updated MC samples, we re-estimate the efficiency and

ISR correction factor and then update the cross section. Iterations are performed un-
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til the results are stable. Finally, the difference between the last two iterations, 1.0%,
is considered the corresponding systematic uncertainty for all the energy points.

e The integrated luminosities of these data sets are measured using large angle Bhabha
scattering events, with a uncertainty about 1.0% [82] is propagated to the cross

section measurements. The uncertainty in Br(w — 777~ 7°) is quoted as 0.8% from
the PDG [20].

e The uncertainty from the MC statistics is estimated by the number of generated
events, calculated by Ayje=+/(1 —¢€)/e/vV N, where N =1000000 is the number of
generated events at each energy points.

e The uncertainty due to the PWA MC model is investigated by smearing masses
and widths of intermediate states per event within +1¢, assuming that they follow
Gaussian distribution. The difference in the detection efficiencies is considered the
systematic uncertainty, which is about 1%. The effect due to the insignificant inter-
mediate states, such as p(1450) and p(1570), is investigated by adding them to the
nominal fit. Moreover, the difference in the detection efficiencies with and without
these two intermediate states is regarded the systematic uncertainty, which varies
from 0.2% to 1% depending on the energy point. The total uncertainty due to the
MC model is obtained by adding these uncertainties in quadrature.

The systematic uncertainties for all energy points are listed in table 6. These uncertainties
are assumed independent and summed in quadrature.

7 Fit to the line shapes

7.1 Line shape of ete™ — wntn™

The measured Born cross sections are shown in figure 8, where a clear structure is ob-
served around 2.25GeV. A minimized x? fit incorporating the correlated and uncorrelated
uncertainties is performed for the measured cross section with the following function:

o?(V5) = |on(V/5)e' + o (V)% (7.1)

where ¢ is the phase of the resonance structure relative to the continuum components and
or(v/s) and o.(y/s) are the cross sections for the resonance and continuum components,
respectively. The resonant component o,(y/s) is parameterized as

oe(V/5) = my /120CT% BrT, / \/5 (7.2)

Vs s —m2+im,T,

where m, and I'; are the mass and width of the resonant structure near 2.25 GeV, respec-
tively. Parameter I'¢ - Br is the product of the partial width of the resonance decaying to
the eTe™ and the branching fraction to the wnn~ final state. m,., ', and I'%® - Br are free
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Parameter Solution I Solution II
m, (MeV/c?) 2250 + 25

T, (MeV) 125 + 23

ree . Br(eV) 0.9+ 04 52.9 + 17.0
¢ (rad.) 24+ 0.3 ~1.8+ 0.1
a(10%)(pb'/?) 1.1 402

b 44 £ 0.1
Significance 10.30

Table 7. Resonance parameters obtained in the fit to the eTe™ — wn™7™ cross section. The
uncertainties are statistical only.

parameters in the fit. C is a conversion constant that equals to 3.893 x 10° nb-GeV? [18].
The continuum component is parameterized as

ay/ P(V/s)
oc(V's) = = (7.3)
NG
where a and b are free parameters and P(4/s) is the phase factor. For the two-body process,

P(y/s) is taken as p/\/s, where p is the magnitude of the momentum for one of the two
particles. For the three-body final state of wn 7™,

1 [Vs—mo

P(V5) =1 /Zm 2 —am2)ls— (mps e +ma) s — (mger —my)?dm
! (7.4)

where m,, and m,+,— are the mass of w particle and the invariant mass of 77—, respec-
tively. The results of the fits to the measured cross section are shown in figure 8. The
data points of the BaBar experiment are plotted to overlap for comparison. The fit has
two solutions with equally good fit quality and identical mass and width of the resonance,
but with different phases and I'¢° - Br. We observe a structure around 2.25 GeV, denoted
as X (2230). The statistical significance of X (2230) is 10.30, which is determined from
the change in the y? value with and without it in the fit versus the change of the number
of degrees of freedom. The best fit provides a fit quality of x?/n.d.f = 20.6/13. The fit
parameters of the two solutions are listed in table 7. Due to the interference effect, the
parameter b is fitted as b = 4.4 £ 0.1 in both two solutions. Note that this is different from
the single virtual photon contribution where b = 1.

To estimate the systematic uncertainties for the resonant parameters, an alternative fit
is performed by parameterizing the continuum component with an exponential function [83]
to determine the uncertainties associated with the continuum component:

oe(V's) = \/ P(V/s)eroupy, (7.5)

where py and p; are float parameters and u = /s — (2m, + m,,), which the masses of m,
and m,, take from the PDG [20]. The differences of the results between the alternative and
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Figure 8. Fits to the measured ete™ — wnTn™ cross sections. The dots with error bars are
the results obtained in the work, where the error bars include both statistical and systematic
uncertainties. Circles with error bars (hatched line) are the results of the BaBar experiment. The
red solid curve is the total fit result. The blue solid curve represents the continuum component,
the green curve stands for the resonant component, and the cyan line is the interference of the two
components. The two plots are the results of Solutions I (left) and II (right), respectively.

nominal fits are considered the systematic uncertainties for resonant parameters. Further,
the systematic uncertainties associated with the signal model are investigated by using a
relativistic Breit-Wigner function with the energy-dependent width. Their differences are
found to be negligible. Eventually, the mass and width of the resonance are determined
to be m, = 2250 + 25 £+ 27MeV/c? and ', = 125 £ 43 4+ 15MeV, respectively. In
addition, the I'®® - Br is 0.9 £ 0.4 £ 0.4eV or 52.9 £ 17.0 £ 13.1eV for the two solutions,
where the first and second uncertainties are statistical and systematic, respectively.

7.2 Cross section of ete™ — wnr

The Born cross sections for the e™e™ — wrt7n~ measured in this work are consistent with
that for the ete™ — wr%70 obtained in ref. [52] within a factor of 2 given their uncer-
tainties. Therefore, the pion production in the ete™ — wnm process complies with the
SU(3)-flavor symmetry. The summed cross sections at various energy points are listed
in table 8. We fit the eTe™ — wnm cross sections with the same method as in sec-
tion 7.1 (see figure 9). The resultant parameters are obtained and tabulated in table 9.
After considering the systematic uncertainty, the mass and width of X(2230) are ob-
tained as 2232 + 19 + 27MeV/c? and 91 + 53 4+ 20 MeV, respectively. The I'® - Br is
0.9 + 0.5 + 0.2eV and 61.1 £ 32.1 + 15.4¢eV for the two solutions. The statistical signifi-
cance of the structure is 7.60.

We also compute the contribution of our cross section oB°™(ete™ — wnm) to the
hadronic contribution of (g —2),,,

wTT 1 /(3.080 Gev)? d /K( /) Born (7 6)
a = — sSK(s)o , .
K 473 J(2.000 Gev)? v
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Vs (GeV)  Cross section (pb) Vs Cross section (pb)
2.0000 831.2 £ 28.2 &£ 36.1 2.3960 251.6 £ 6.2 = 10.9
2.0500 697.6 + 45.8 £ 30.1 2.6444 1766 £ 7.2 £ 7.5
2.1000 642.7 & 23.1 &+ 27.3 2.6464 148.0 £ 6.4 £ 6.5
2.1250 624.8 £ 7.5 £26.6 29000 88.40 £ 2.8 +4.0
2.1500 653.0 £ 49.0 £ 324 2.9500 79.70 £ 8.0 £ 4.2
2.1750 698.9 + 25.1 £ 29.1 29810 85.70 £ 7.4 £ 3.9
2.2000 641.4 £ 21.2 £ 26.5 3.0000 68.20 £ 6.5 + 3.7
2.2324 601.2 + 21.4 + 26.3 3.0200 69.70 £ 6.2 £ 3.4
2.3096 343.7 £12.9 £ 16.1 3.0800 4790 £ 2.2+ 28
2.3864 249.0 + 11.2 + 10.3

Table 8. Cross sections of eTe™ — wnm, where the first and second uncertainties are statistical
and systematic, respectively.

Parameter Solution I Solution IT
m, (MeV/c?) 2232 + 19

I, (MeV) 93 £ 53

I'ec . Br(eV) 0.9+ 05 61.1 £ 32.1
¢ (rad) 24+ 0.3 —-1.7+ 0.1
a(10%)(pb'/?) 1.7+ 0.2

b 4.6 £0.1

Significance 7.60

Table 9. Resonance parameters obtained in the fit to the eTe™ — wnn cross section. The uncer-
tainties are statistical only.

where K(s') is the kernel function [74]. Our result, a%™=(2.213 £ 0.106 + 0.149) x 10717,

is the first measurement for the ete™ — wnm process in this energy region.

7.3 X(2230) decays via intermediate states

Using the measured Born cross sections via the intermediate states as tabulated in table 5,
we perform a simultaneous fit to the measured cross sections o; © with ¢ = 1,2,...,5 for
the modes w fy(500), wf(980), wfo(1370), wf2(1270), and by (1235), respectively. At the
energy point /s, the cross section for the mode i is described by

oT(y/5) = v (v/5,1) + 0e(V/5, ) (7.7)

Where, o, and o, are given by eqs. (7.2) and (7.3) except that the phase space factor is
replaced by that of the two-body decay. Considering the error correlations among these
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Figure 9. Fits to the cross sections of ete™ — wnm. The dots with error bars are the results
combined from this work and ref. [52], where the error bars include both statistical and systematic
uncertainties. The red solid curves are the total fit results, the blue solid curves represent the
continuum components, the green curves denote the resonant components, and the cyan line are
the interference of the two components. The two plots are the results of Solutions I (left) and II
(right), respectively.

five modes, the x? function is minimized, which is defined by

X° =Y STVIS, with

NG
T __ exp fit _exp fit _exp fit _exp fit _exp fit
Y= (o) —ol,0y 0 —0y,050 —03,0, " —04,05" —035), (7.8)

where V' is a covariance matrix with element V;; = p;j0;0; and p;; is a correlation coefficient
and determined by the errors of interference between modes 7 and j. We take p;; = 1 if
i = j. The sum over /s runs over all energy points involved in the fit.

Figure 10 shows results of the simultaneous fit to these five intermediate modes.
In the fit, the state X (2230) is assumed as a vector meson, and its mass and width is
2200 + 11 + 17 MeV/c? and 74 4 20 + 24 MeV, respectively. Here, the systematic uncer-
tainties of the mass and width are determined by using the same method as in section 7.1.
The statistical significance of this structure is about 7.90. The resultant values of I't® - Br
are tabulated in table 10. Here, I'® is the partial width of the X (2230) decaying to ete™,
and Br is the branching fraction for the X (2230) decaying to the final state wnm. Two so-
lutions are found with equally good fit quality. No structure around 2.25 GeV is observed
in the non-resonant process, as shown in figure 10(f), indicating that the vector meson
favors the intermediate decay.

8 Conclusion and discussion

In summary, the Born cross sections of the eTe™ — w7~ process were measured us-
ing 647 pb~! data samples collected with the BESIII detector at 19 c.m. energies from
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Solution I Solution II
ete” — f T%.Br (eV) T¢-Br (eV)
w fo(500) 29 £ 25 1.2 £ 0.5
w fo(980) 59 £ 5.0 3.2+1.0
wfo(1370) 6.4 + 5.4 3.1 £ 1.0
w f2(1270) 25+ 21 1.1 £ 0.6
b1(1235)r 1.1+ 1.0 0.2 £ 0.2

Table 10. I'¢® - Br values from the simultaneous fit to the cross sections for the five intermediate
modes, where the uncertainties are statistical only.
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Figure 10. Fits to the intermediate processes of ete™ — w fo(500) (a), wfo(980) (b), wfo(1370)
(¢), wf2(1270) (d), b1(1235)7 (e). Points with error bars are the measured Born cross sections, the
red curves are the total fit results, and the blue curves denote the contributions of non-resonant
processes. Plot (f) displays the contribution from the phase space process eTe™ — w7 ™.
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2.000 GeV to 3.080GeV. The precision of the measured cross sections are improved by
a factor of 3 with respect to the previous measurement [18]. The resonance X (2230) is
observed with a significance of 7.6 o and thereby confirms the structure near 2.25 GeV
observed by BaBar [18] and BESIII [52]. The energy dependence of the total cross section
for ete™ — watn™ and wr?70 is shown in figure 9. From the fit to the ete™ — wrrm
cross sections, we obtained the mass and width of X (2230) as 2232 4+ 19 + 27 MeV/c?
and 93 £ 53 £ 20MeV, respectively. The fitted I'c® - Br values are 0.9 £ 0.5 £ 0.2¢eV
and 61.1 + 32.1 £ 15.4¢V depending on the interference pattern. We also fit the Born
cross section of the intermediate processes, such as eTe™ — w fo(500), w fo(980), w fo(1370),
wf2(1270), and b1 (1235)7, with the results presented in figure 10. Precision measurement
of the cross sections of these intermediate subprocesses will help to reveal the properties
and nature of the structure. For the process ete™ — wrm, we computed its hadronic
contribution of the cross section to (¢ —2), and found that its contribution is small in the
energy region between 2.000 GeV and 3.080 GeV.
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