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Using 980 fb~! of data collected on and around the Y(nS) n =1, 2, 3, 4, 5) resonances with the Belle
detector at the KEKB collider, we measure the cross section of ete™ — ¢ from threshold to 3.95 GeV via
initial state radiation. There are clear ¢»(1680) and J /y signals but no significant ¢»(2170) signal in the 7¢) final
state. The branching fraction B[J/y — n¢)] is measured to be (7.2 +0.8 & 0.5) x 10™*. The resonant
parameters of ¢»(1680) are determined to be Myp(1680) = (1696 4 8 4 10) MeV/c? (statistical and systematic
errors, respectively), I'yje30) = (175 + 13 £ 16) MeV and, depending on the possible presence of

predominantly constructive or destructive interference between ¢(1680) and continuum production, I" 2?166180) .

Bl¢p(1680) — n¢] and B[¢p(1680) — n¢p] are determined to be (75 + 10 £+ 11) eV and (25 £ 12 +2)% or

(207 £ 16 £20) eV and (23 £ 10 £ 2)%, respectively. The upper limit for F;?ze;m) - B[¢(2170) — nep] is
determined to be either 0.17 or 18.6 eV at the 90% confidence level.
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I. INTRODUCTION

Quarkonium and quarkoniumlike states play an impor-
tant role in understanding quantum chromodynamics
(QCD), which is the generally accepted theory for strong
interactions between quarks and gluons. However, there are
no first-principles methods to derive the spectrum and
properties of hadrons from the QCD Lagrangian.
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Alternatively, the more phenomenological quark model
is used comprehensively [1]. Although hadrons with
multiple quarks (n > 3), with only gluons, or with bound
hadrons, etc., are allowed according to QCD, only recently
have accordant candidates been identified. Since the dis-
covery of X(3872) in 2003 by the Belle experiment [2],
dozens of new states have been observed by Belle, BABAR,
BESIII, CLEOc, LHCD, etc. However, these new states do
not easily fit into the hadronic spectrum derived from the
quark model, indicating that new types of hadrons may
have already been observed. For example, the charged
charmoniumlike states, such as Z.(3900) [3], X (4020)* [4]
and X (4055)* [5,6], are generally interpreted as exotic
states.

Published by the American Physical Society
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Hadronic transitions have contributed significantly to the
discoveries of quarkonium(like) states, such as the ¥ (4260)
in ete™ - xta~J/y via initial state radiation (ISR) by the
BABAR experiment [7]. In searching for an 5§ version of the
Y (4260), the Y(2175) [now called “¢(2170)”] was dis-
coveredin e”e™ — n" 7~ ¢ via ISR by BABAR [8], and later
confirmed by Belle [9]. There are several interpretations of
the ¢(2170), such as a regular s5 meson [10,11], an s3¢
hybrid [12], a tetraquark state [13-15], a AA bound state
[16-19], an S-wave threshold effect [20], or a three-meson
system ¢ KK [21]. In a recent lattice QCD calculation [22],
the properties of the lowest two states comply with those of
¢(1020) and ¢(1680), but with no obvious correspondence
to the ¢(2170). In searching for ¢»(2170) in other hadronic
transitions, BABAR studied the e™e™ — #¢) process via ISR
using a 232 fb~! data sample and found several hundreds of
n¢ signal events, among which hints of an excess were
observed around 2.1 GeV/c? [23,24]. Assuming these
hints correspond to a bound ¢” state, BABAR esti-
mated the mass M = (2125 £ 22 +10) MeV/c?, width
[y = (614+50+13) MeV and product of the partial

width times branching fraction F;ﬁe_B [@" — ¢n] = (1.7+
0.7 + 1.3) eV. (Hereinafter, quoted uncertainties are stat-
istical and systematic, respectively.) The CMD-3 experi-
ment measured the process eTe”™ - KKy from 1.59 to
2.007 GeV, found it is dominated by the n¢ contribution,

and then calculated the contribution to the anomalous
magnetic moment of muon: o (E < 1.8 GeV) = (0.321+
0.015 4+ 0.016) x 10719, aZd’(E < 2.0 GeV) = (0.440 +
0.015 £ 0.022) x 107'% [25]. Recently, BESIII measured
eTe™ — ¢ with a data sample taken at center of mass
(c.m.) energies (/s) ranging from 2.05 to 3.08 GeV and
observed a resonance near 2.17 GeV with a statistical
significance exceeding 10s [26]. If both of these correspond
to decays of the ¢(2170), one could infer the ratio
B[p(2170) — ¢n)/B[¢(2170) - ¢n'] =0.23 £0.10+0.18,
which is smaller than the prediction of s5¢g hybrid models
by several orders of magnitude. However, due to limited
statistics, the uncertainty in F;JKB [¢" — ¢n] from BABAR
is large [24]. BESIII also measured the Born cross section
of ete” — n¢ and determined the ¢(2170) parameters
to be m¢(2170) = (21635 +6.2+ 30) MGV/C2, F¢(2170) =

-

(3112715 £ 1.1) MeV, and T Blep(2170) — ¢n] =

(0.247312) or (10.117387) eV [27]. The signal significance
of ¢(2170) is determined to be 6.9¢. In that analysis, BESIII
used, as input, the cross section of eTe™ — 5¢ below
2.0 GeV [dominated by the ¢(1680) signal] measured by
BABAR [24] in the determination of the ¢(2170) resonant
parameters.

In this article, we report a study of the eTe™ — n¢
process via ISR with the Belle detector [28] at the KEKB
asymmetric-energy ee” collider [29]. The integrated
luminosity used in this analysis is 980 fb~!, of which

~70% were collected at the Y(4S) resonance, with the
remainder accumulated either at the other Y'(nS) (n = 1, 2,
3, 5) resonances or at /s lower than the Y resonances by
tens of MeV. This data sample is much larger than the one
used in the previous analyses [23,24]. We scan the
¢(1680) — n¢ final state over the energy interval from
threshold to 3.95 GeV/c?, which also covers the signal
regions for ¢(2170) and J /y. The well-improved precision
of the cross section of ete™ — n¢p will be helpful to
calculated the aZ¢ [30]. The ¢ is reconstructed from its
decay to K™K~ final state, and the 7 is reconstructed from
its decay to either the yy or 777~ final states.

II. THE BELLE DETECTOR AND
MONTE CARLO (MC) SIMULATION

The Belle detector is a large-solid-angle magnetic
spectrometer consisting of a silicon vertex detector, a
50-layer central drift chamber, an array of aerogel threshold
Cherenkov counters, a barrel-like arrangement of time-of-
flight scintillation counters, and an electromagnetic calo-
rimeter (ECL) comprised of CsI(Tl) crystals located inside
a superconducting solenoid coil that provides a 1.5 T
magnetic field. An iron flux return located outside of the
coil is instrumented to detect K mesons and to also
identify muons. With the origin of the coordinate system
defined as the nominal interaction point, the z axis is
aligned with the direction opposite the e™ beam and is
parallel to the direction of the magnetic field within the
solenoid. The y axis is vertical upward, and the x axis is
horizontal and completes the right-handed coordinate
frame. The polar angle 8 and azimuthal angle ¢ are
measured relative to the positive z and x axes, respectively.

The PHOKHARA event generator [31] is used to simulate
the process ete™ — n¢ via ISR for optimization of
selection criteria and the efficiency estimation. One or
more ISR photons (yisg) are emitted before forming a
resonance Y, which then decays to n¢ with ¢ — KK~ and
n — ntx~7° or yy. In the generator, the resonance Y could
be ¢(1680), $(2170), J /w or a particle with mass fixed to a
value between the threshold and 3.95 GeV/c? and width
fixed to zero to determine the efficiency and the mass
resolution. Since the ¢(1680) dominates the 7¢ final states,
we use the MC sample of ¢(1680) as the nominal signal
MC sample. A GEANT3-based MC simulation [32] is used
to simulate the Belle detector response.

III. EVENT SELECTION CRITERIA

To study the 5¢ final states, a ¢ candidate is recon-
structed from a K™K~ pair and an 7 candidate is recon-
structed in either the yy or 7#tz 7% (z° = yy) modes.
Hereinafter, the reconstruction channel with 5 — yy is
called the “yy mode,” and the three-pion mode is referred
to as the “z 7z~ 7" mode.” For a candidate event, we require

012006-2
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two (four) well-measured charged tracks with zero net
charge for the yy (z* 7z~ 7°) mode. A well-measured charged
track is defined as one having impact parameters with
respect to the interaction point satisfying ér < 1.5 cm in
the r — ¢ plane and 6z < 5 cm in the r—z plane, respec-
tively. For each charged track, information from different
detector subsystems is combined to form a likelihood £; for

each putative particle species (i) [33]. Tracks with Rg =

Ve ﬁf > 0.6 are identified as kaons, while those with Ry <
K g4

0.4 are identified as pions, with an efficiency of about 95%
for K — & separation.

Each photon candidate is a cluster in the ECL that is
unmatched to the extrapolated trajectories of any charged
tracks. The photon with the highest energy is identified to
be y1sr. In the reconstruction of z° candidates, the energy of
a photon candidate is required to have E, > 25 MeV in the
barrel (cos @ € [-0.63,0.85]) and E, > 50 MeV in the end
caps (cos 6 € [-0.91, —0.65] U [0.85,0.98]). The M,, mass
resolution is about 6 MeV/c?, and the signal region of the
7% is defined to be 120 < M,, <150 MeV/c* with

2*(7°) < 25 (the »? value returned for the mass fit to each
7 candidate). Events with y — ete™ conversions are
removed by requiring R, < 0.75 for the z7z~ tracks from

n decays. In this case, the particle identification variable

for electron/positron in conversion products is defined as
Re=L./(L, + Liadgrons)- In the reconstruction of  — yy,
two photon candidates are required, each with energy
satisfying E,, > 120 MeV and E,, > 350 MeV, where
the subscript [ (h) signifies the lower (higher) energy
photon in the laboratory system. The efficiency of the
energy requirement is (96.6 +0.1)% (statistical error
only), as determined from signal MC simulation.

The scatter plots displaying the dikaon (M g+ g-) invariant
mass versus the 7 7~ 7" invariant mass (M .+ - ,0) or the y;y;,
invariant mass (M,,) are shown in Fig. 1, and the 1D
projections are shown in Fig 2. A K"K~ pair is treated as
a ¢ candidate if Mg gx- —my| < 12 MeV/c? (the mass
resolution is ~4 MeV/c?), where my is the ¢» nominal mass
[34]. This mass interval requirement for the ¢ retains
(97.1 £0.6)% of ¢ candidates in data and (97.4 +0.1)%
in the signal MC simulation, respectively. The lower and
upper ¢ mass sidebands are defined to be 0.990 < Mg+ - <
1.002 GeV/c?> and 1.036 < Mg+ < 1.048 GeV/c?,
respectively. A fit to the M+ -0 or M,, distribution with
a Gaussian function for the # signal and a smooth second-
order polynomial function for background yields a mass
resolution of 6,+,-,0 = 4.2 MeV/c? in the 7"z~ 2" mode
and 6,, = 11.3 MeV/ c? in the yy mode. We define the 7

~ 600 ] o o

RS (a) ] R o 400f -
2 I o 200 > L

S 400F s S = ot 1
= ] N © r 1
2 [ ] 2 2 2001 —
E’ 1 ’ ‘ ’ ’ ] § 100 3 § : ‘ ’ ]
w : 1 [N} w + 4

0 1 102 104 1.06 8% 0.5 055 06 0.65 83 04 05 06 07 08
M(K'K) (GeV/c?) M(r*nn%) (GeV/c?) M(yy) (GeV/c?)
FIG. 2. Invariant mass distributions of (a) K™K~ for ¢ signal, (b) 77z~ 7" and (c) yy for 7 signal from data. The curves show the best-

fit results with Gaussian functions for ¢ and 7 signals and second-order polynomial functions for backgrounds. The red arrows show the

signal regions and the green arrows show the sideband regions.
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FIG. 3. The ISR characteristics of the final states. Plot (a) shows the missing mass squared of 7¢ and ysg, (b) shows the visible energy

in the detector and (c) shows the angular distribution of 7¢) in the e ¢~ c.m. frame. The dots with error bars correspond to data while the
shaded histograms correspond to backgrounds estimated from the 2D sidebands. The blank histograms are the signal MC simulations,
with the highest bin content normalized to that of the data. In plot (c), the backgrounds estimated from 2D sidebands have been

subtracted from the data.

signal mass interval by |M . 0, — m,| < 36,40/, and
the sideband regions are defined by [M, . -0 —m,+
96 1+ 719 jyy| < 364550, Where m,, is the nominal 7 mass
34]]. The central (surrounding) rectangles of Fig. 1 show the
n¢ signal (sideband) regions. With S1, $2 and $3 represent-
ing the sum of the events in the two adjacent horizontal (S1)
and vertical ($2) sideband boxes and (S3) the four diagonal
sideband boxes relative to the signal box, the normalization
of the two-dimensional (2D) sidebands is given by
S=a-S1+b-52—-ab-S3, where a = 0.84 + 0.05 and
b =0.52£0.03 are the appropriate areal scale factors,
according to the Mg+g- and M +,-p0,,, distributions.
These 2D sidebands are used to estimate the background
level in the 7¢ signal region.

For most of the ISR events, the missing mass squared of
the reconstructed 7, ¢, and yigg candidates [M2.  (yisgnh)]
is close to zero, consistent with either complete
reconstruction or a low-energy, second ISR photon eluding
detection [Fig. 3(a)l. We also require |M2. (yisgnnep)| <

0.1 GeV?/c* with a mass-selection efficiency of
1201 (a) .
8 g 1
N 100 :* 7:
© - 1
= 80f ﬁ E
8 g 1
@ 60 + m E
S r + + ]
o 40~ ¢ m .
i M ]
20 .
?.5 2 25 3 3.5 4
M(n¢)(GeV/c?)
FIG. 4.

(97.7£0.3)% in the z7z~z° mode and (97.1 +0.3)%
in the yy mode. Figures 3(b) and 3(c) illustrate the good
agreement between data and signal MC simulations for the
distributions of visible energy of all final state photons and
charged particles (E,;), as well as the polar angle of the ;¢
system in the eTe™ c.m. frame [cos (77¢)], confirming that
the signal events are produced via ISR.

IV. INVARIANT MASS SPECTRUM OF 5n¢ FROM
ISR PRODUCTION

After imposing the selection criteria, the distributions of
the ¢ invariant mass (M,,,,) from the two modes are shown
in Fig. 4, together with the backgrounds estimated from the
scaled 2D sidebands. Using M, =M+, og+x- —
M0 — My g~ + m, +my for the n - 727~ 7° mode
and M,y =M, gix- —M,, — Mg:g- + m, +my for the
n — yy mode, the mass resolution of #¢ is about
6 MeV/c?. The number of obtained 5¢ signal events is
about 7 times larger than the previous work [23,24],
although there is not an obvious ¢” signal.

N 200[- (b) E
2 r ]
S r ]
= 150 #ﬁ =
& | :
2 100[- .
5 ptY, E
Lﬁ 50;+ &# ]
- #}# ¢ i
N * . : i
95 2 2.5 3 3.5 4
M(n¢)(GeV/c?)

Invariant mass #¢ distributions in (a) the 7+ 7~ z° mode and (b) the yy mode from data. The points with error bars are from the

signal region and the shaded histograms are backgrounds estimated from the 2D sidebands.
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FIG. 5. The J/y signal in the combined M,, spectrum of the

a7~ 7° mode and the yy mode from data. The curves shows the
best-fit results. The blue curve is a Gaussian function for the J/y
signal, and the dashed line is a second-order polynomial function
for the backgrounds.

There are clear J/y signals in both the z"z~z" mode
and the yy mode. As shown in Fig. 5, an unbinned
maximum likelihood fit is performed to the combined
M,, spectrum of the two modes, with a Gaussian
function with the resolution fixed to the signal MC
simulation for the J/y signals and a second-order
polynomial function for the backgrounds. The J/y signal
yield is Ng‘ltg = (100 + 12). To estimate the fitting sys-
tematic error, polynomial functions of either first or third
order are also used for the background parametrization.
The branching fraction for the J/yw — n¢ decay is
calculated using

B(J/y — ne)
N,
ol x Lxex Blgp— KK x Bly — yr/wtaad]

(1)

where L, &, Bl¢p — KTK~], and B[y — yy/ntz~7°] are the
integrated luminosity of the Belle data sample, the
detection efficiency, the ¢p — KK~ branching fraction,
and the combined branching fraction for the # — yy and
atrx final states [34], respectively; ohen (J/w) =
(37.5+£0.2) pb is the cross section for J/y production
via ISR for the Belle experiment [9]. With systematic
uncertainties as described below in Sec. VI, the branching
fraction of J /y — n¢ is measured to be (7.2 £ 0.8 4+ 0.5)x
10~*, which agrees well with the world average value of
(7.4 £0.8) x 107 [34].

We observe a clear ¢(1680) signal in the 7¢ final state.
However, the ¢(2170) is not as prominent as in the
previous BESIII [27] analysis. An unbinned maximum
likelihood fit is performed to the M,, mass spectra from
threshold to 2.85 GeV/c? using signal candidate events
and 2D sideband events, simultaneously. Similar to the

parametrization in BABAR’s measurement [24], the para-
metrization for the cross section of ete™ — n¢ at /s takes
the form

0,p(V/5) = 122P,5 (V5) | AL (V5) + A% (/5)

+ A5 (V)P 2)

where P, is the phase space of the final state, A7 (\/s) =
ay/s% describes the nonresonant contribution (mainly due

to the tails of resonances below threshold), and A%lﬁgo)

(A‘/' 2170) is the @(1680) [¢(2170)] amplitude. The

¢(1680) resonance amplitude is described by a Breit-
Wigner function

$(1680) _ P et e

A (V5) =\ B i6s0) Ui Teso)
\/F¢ 1680)/ P (M 1650) ) €115 (3)
Mé(mgo) l\/_rz;b 1680) (\/_) ’

where M1680) Tpiaso) and T fee

total width and the partial width to ete™ for the

$(1680), respectively. 8%680) is the branching fraction
B[¢(1680) — n¢p] and (1650 is the relative phase. As
shown in BABAR’s measurement [24], several major decays

of ¢(1680) contribute to T'y;430), such as KK*(892) and

KK*(892) N
ne. SlnceB 1680 ~2><B (1680

of KK*(892) cannot be 1gn0red in describing T'y(;630)-
Therefore, we take the form as in Ref [24]:

) are the mass, the

) the phase space effect

Pr-(892)(V/$)
r Vs)=T {
#(1680) (V'5) = Ty(1680) P (392) (M p1680))

Pmﬁ(\/—) Bmﬁ
Pop(M y1680)) 1630

@ KK*(892)
+ <1 - BZ)(IéSO) - B{/;(mso) )} (4)

KK*(892)
B¢(1680)

+

Here, Pgg+(g92) and B 168%9>2) are the phase space and

branching fraction of the $(1680) —» KK*(892) decay,
respectively. The other decays of ¢(1680) are neglected,
and their phase space dependence correspondingly ignored.
Since both the KK*(892) and the 5¢ contain a vector
meson (V) and a pseudoscalar meson (P), the phase space
takes the form

(s + M3y — M3)* — 4M3,5]3/2

Pvp(Vs) =
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Since there is no measurement of the KK*(892) final

state in this work, we take 8’7’/’1680 /By 168%92 directly
from Ref. [24].
The A" is described by

¢(2170) o +
A ( ) BZ) 2170 F;;(zewo)

\/F¢2]7O/Pn¢( 2170))ei9¢(2170) B(p)

M3 0170 = 5 = iv/sTyine)  B(P')’
(6)

where B(p) is the P-wave Blatt-Weisskopf form factor and
p (p') is the breakup momentum corresponding to the
Vs (M y2170)-

The efficiencies of the M, signal selection are deter-
mined from MC samples generated in the range from
threshold to 3.95 GeV/c? and are found to be about
1.35% over this mass interval. The effective integrated
luminosity of ISR is calculated according to the theoreti-
cal prescription from [35], corresponding to 45 pb~! per
10 MeV near 1.65 GeV and increasing to about 80 pb~!
per 10 MeV near 3.95 GeV. The 2D sideband events from
S1, S, and S5 are described by three Landau functions;
exponential functions are considered to estimate the
systematic uncertainty.

Assuming the existence of ¢(2170) in the 5¢ final state,
and fitting using the mass and width of ¢(2170) reported
by BESII [27], there are four solutions of equivalent
quality, having the same Mg 680) and I'y680).- The fit
results are shown in Fig. 6 and Table I. The reduced chi

squared of the fit to the M, spectrum is y*/ndf = 77/56.
The ¢(1680) resonant parameters are determined to be

Ml/)(1680) — (1683 :i: 7 :l: 9) MCV/C2 F(/)(l680) — (149 :l:
12+ 13) MeV, and  BJf ¢ Fezlégo) (122 +£6 +13),

(219 £ 15 £ 18), (163+11£13) or (203 £ 12 £ 18) eV
for the four solutions. The branching fraction B[¢(1680) —
n¢) obtained from the fitis (18 £2 £ 1)%, (19 £ 4 +2)%,
(21+£2+1)% or (17+4+£2)% for the four solutions.
The statistical significance of ¢(2170) is determined to be
1.76 by comparing the value of A(-2InL)=
—2In(Lyax/Lo) and the change in the number of free
parameters in the fits, where L., is the likelihood
with ¢(2170) and L, without ¢(2170). The quantity
rf/);;170)3[¢(2170) — ng] is determined to be (0.09+

0.05), (0.06 £0.02), (16.7+1.2) or (17.0£1.2) eV in
the four solutions. The upper limit for ¢(2170) production
at 90% confidence level (CL) is determined by integrating
the likelihood versus the ¢(2170) yield, with the upper
limit degraded by a factor of 1/(1 — ) to account for
systematic uncertainties. (The systematic uncertainties in
the fit results and &,y are described below in Sec. VI.)
Finally, the upper limits for Fe+(5170)6 [#(2170) — n¢p] are
determined to be 0.17 (solutions I and II) or 18.6 eV
(solutions III and IV) at 90% CL, respectively.

Since the ¢(2170) is not significant in our measurement,
another fit without ¢(2170) in Eq. (2) is performed, and
there are two solutions as also indicated in Table I. There is
no obvious difference in quality between the curves
from fits with or without ¢(2170). Including the syste-
matic uncertainties, the resonant parameters of ¢(1680) are
obtained to be my(e50) = (1696 £ 8 £ 10) MeV/c?,

400F T T 400F" T T T T T
o 350F (a) - « 350 (b) - 7
S s00f 4(1680) contibution = 300F #(1680)contbuton g
) E ==+ $(2170) contribution [ E $(2170) contribution
S 250F continuum coriribuion S 250F continuum contbution 4
o E o E 3 3
& 200 i & 200F E
N 3 E E 2
ow F 0 - 3
€ 150? E g 150? E NO 1E
ERT N 1 2100f ¢ E 2 08
o J 3 o F ’
50f ' tat s E 50, g s E % 20
0: 1 I et 3 - 0’ i 1 1 ol i N Jeoe 2. o
16 18 2 22 24 26 28 16 18 2 22 24 26 28 = 15
M(né) (GeV/c?) M(no) (GeV/c?) 8 10
400ET T T T T T 400ET T T T T T o
E — Dat —— Data +— 54
o 80f () —_ o 350k (d) — c f
§ 300F 4(1680) c § 300E 6(1680) co g) 0E
) 2505 weie $(2170) o g 250 «e0 $(2170) cor m 15
b= E continuum E continuum
& 2008 3 & 20f E 10
2 150F N 4 £ 1s0p E
o E ¢ 4 i 3 ] ¢ 4 4
g 100F ¥ i 3 3 1ooF 3 ] E 5/ "
50F ' R E 50, ' R E : -
E. B E » 5
o : p 1 e = o \ P A e orae * 0B . .
16 18 2 22 24 26 28 1.6 18 2 22 24 26 28 16 1.8 2 22 24 26 28
M(no) (GeV/c?) M) (GeV/c?) M(TI(I)) (GeV/c )

FIG. 6.

Invariant mass distribution of M(5¢) and fit results. (a)—(d) show the four solutions, and (e)—(g) show the backgrounds

estimated from 2D sidebands. In (a)-(d), the backgrounds estimated from 2D sidebands have been subtracted. The distribution in
(e) shows events from the sideband region S5, (f) from S, and (g) from S, respectively. The curves show the best-fit results, while the
interference among continuum, ¢(1680) and ¢(2170) are not shown.
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TABLE L.
from the prior BESIII measurement [27].

Fit results with ¢(1680) and ¢(2170) both included and also excluding ¢»(2170). The mass and width of ¢(2170) are fixed

npl=(75+£10+£11) eV or (207 £16+20) eV, and
the branching fraction B[¢p(1680) — n¢p] = 25+ 12+
2)% or (23+10+2)% depending on the interference
between ¢(1680) and continuum production for the two
solutions.

V. CROSS SECTION FOR e*e™ — ¢

The M, distributions in Fig. 4 are combined and the
cross section of e*e™ — ¢ for each M, bin with a width
of 20 MeV/c? is calculated according to

nobs _ ,bke

J— I L , 7
Oi ,chR X B[¢ e d K+K_] X Z] SZIBI ( )

where i is the ith bin of the combined M, , distribution and

np
j is the jth 5 decay mode; n9®, nPke [ISR &;j and B3 are the
number of events observed in data, the number of back-
ground events estimated from the 2D sidebands, the
effective integrated luminosity of ISR production in
Belle data, the efficiency of signal selection, and the
branching fraction of the jth # decay mode [34], respec-
tively. The cross sections for eTe™ — n¢ measured with
Belle data are shown in Fig. 7 and Table II, where the error
bars include the statistical uncertainties and the systematic
uncertainties in the background estimation using the 2D
sidebands. The cross sections for ete™ — 5¢ are around
2.6 and 0.4 nb at the ¢(1680) and $(2170) peaks,
respectively. The measured cross section is in good agree-
ment with the results from BABAR’s measurement [23,24]
but with improved precision.

Parameters With ¢(2170) Without ¢(2170)
Solution I Solution 1T Solution 1T Solution IV Solution I Solution II

y2/ndf 77156 85/60

ao -4.1+05 5.0+0.7 -5.0+0.5 -48+0.2 -32+0.7 5.0+0.1

a, 2.7+0.1 2.6 +0.1 2.74+0.1 2.6 +0.1 2.9+0.1 2.6 +0.1

le(lefgo)gf;)mgo) (eV) 122+6 219+ 15 163 + 11 203 + 12 75+ 10 207 £ 16

M¢<,680>(MeV/c2) 1683 £7 1696 + 8

[ y(1680) (MeV) 149 + 12 175+ 13

B;p(;mso 0.18 £ 0.02 0.19 £0.04 0.21 £0.02 0.17 £0.04 0.25 £0.12 0.23 +0.10

1“¢ 2{70 B¢(2170> (eV) 0.09 £+ 0.05 0.06 +0.02 16.7+1.2 170+ 1.2

M y2170) (MeV/c?) 2163.5 (fixed)

T42170 (MeV) 31.1 (fixed)

Op(1680) (°) -89 +2 96 + 6 -92+1 —-86+£7 -87+ 15 108 +22

6¢2]70 (°) 37+ 14 —102 £ 11 —-167+6 —155+5

Ly(1680) = (175 £ 13 £ 16) MeV, F"Zf680)5[¢(168()) - VI. SYSTEMATIC UNCERTAINTIES

The following systematic uncertainties are characterized
for this analysis. The uncertainties due to the particle
identiﬁcation are 2.0% in the yy mode and 4.0% in
atn~7°, respectively [33]. The uncertainty due to the
tracking efficiency is 0.35% per track and is additive;
the uncertainty in the photon reconstruction is 2% per
photon. The uncertainties in the ¢ mass, # mass, and
M2, (yisgn¢) requirements are measured with the control
sample ete™ — J/y — n¢p; 1.3% for the n mass window is
taken as a conservative uncertainty for the combined
ata 7% and yy modes. For the ¢ mass window, the
corresponding value is 0.5%. Similarly, 1.3% is taken to

4 o e e g
—— Belle
3 —— BaBar
M —— BESIII

o(e*e—nd)(nb)
[\°])

TTTTTTTTTTTT ITITITITINITITITITINITI

1111l111ll1llllllllllllllllllllllll

W}W i

0
16 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 38
Vs(GeV)

FIG. 7. Cross section for ete™ — n¢ from threshold to
3.95 GeV. The errors are the combinations of statistical errors
and the systematic uncertainties.
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TABLE II. Measured cross section of e™e™ — 5¢ from the threshold to /s = 3.95 GeV. The first errors are
statistical and the second ones are systematic.

Vs o(ete” = nep) Vs olete” —>ng) Vs aletem = ng) Vs olete” > ng)
1.56 L6 2260 236790 +£19 296 8811 +6 3.66 31757 +2
1.58 17438 £ 15 2.28 182783 + 16 2.98 2603 £2 3.68 3173 +£2
160 41478128 230 25673423 3.00 6173 +4 3.70 3157 +2
162 1004719 £68 232 96%3] + 6 3.02 7755 £10 3.72 657 +1
164 15637184107 234 180'%0+7 304 o4til+i0 374 3055 £2
L66 2191370 +£149 236 1905f+13 306 gsiFal0 376 61 £
168 26000080 +£179 238 20003 +£17 308 2437% 419 378 1250 £1
170 2088470+ 143 240  220:53+21 310 466170 +£32 380 A ES
172 2157HB +150 242 156737 £ 15 3.12 22373 +17 3.82 653 +1
174 1785M1¢ £ 126 244 14572415 314 5755 £9 3.84 6315 +4
176 1257419 193 246 124531 +8 3.6 65731 +9 3.86 25 +1
178 1137713 104 2.48 9248 +13 3.18 7250 £9 3.88 25041
180 141471 4107 250 7205 4 3.20 6413 +9 3.90 2750 6
182 7518464 252 153ligo 322 39120+ 8 3.92 Sy £ 1
1.84 8734121 + 71 2.54 17253 + 12 3.24 1678 +7 3.94 0flg +0
186 124971¥+093 256 16123411 326 46753 +8

188 87471 B 167 258 1208413 328 815 +7

190 82971761 260  100:# 412 330 SLAEE

192 77475458 262 109%+12 332 45535 £8

194 91772 +66 264 89745 + 12 3.34 6755 £38

1.96 7841110 1 58 2.66 98+2 +6 3.36 212 £5

198 60719 148 268 49°0 +£10 338 1553 £7

200 5957%,+43 270 S8 £ 11 3.40 ~Thi£7

202 5401 £36 272 1730415 342 2915 £7

204 50619, 436 274 13418413 344 215 +8

206 61583, £43 276 95t8 a2 346 28550 £7

208 417:84 a8 278 1375 +8 348 6915 +8

210 482487 434 280 65t 411 3.50 4815 +8

212 5901, £39 282 2844 3.52 6815 +4

214 33809423 284 s5t¥ 4l 3.54 3450 £2

216 43586431 286 73t +10 356 40157 +3

218 401383429 2.8 271% 49 3.58 2050 £1

220 52008436 290 81fjy £10  3.60 59135 +4

200 279419 292 18432+ 1 3.62 395 £3

204 269174418 294 1078 +7 364 25055 £2

be a conservative systematic uncertainty estimate, due to
the M2, (riswndh) requirement,

Belle measures luminosity with 1.4% precision while the
uncertainty of the generator PHOKHARA 1is less than 0.5%
[31]. The af;ff (J/w) is according to QED calculation [35]
and I',+,- of J/y decay, which has an uncertainty of 0.5%
[34]. The trigger efficiencies for the events surviving the

selection criteria are (97.0 & 0.1)% for the 7+ 2~ z° mode
and (95.1 £ 0.1)% for the yy mode according to the trigger
simulation. Conservative uncertainties of 1.0% and 1.5%
are taken to be the systematic uncertainties in the trigger
efficiencies for the 7 7~ 7z° mode and yy modes [9,36]. The
uncertainties in the ¢ and x branching fractions are
calculated according to the world average values [34],
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TABLE III. Summary of the systematic uncertainties (%).
There is additional systematic uncertainties in determining the

BlJ/y = né).

atana’
Source yy mode mode  Common
Particle identification 2.0 4.0 2.0
Tracking 0.7 1.4 0.7
Photon reconstruction 6.0 6.0 6.0
¢, n masses and M2 (n¢yisr) 1.7 1.4 1.4
Luminosity 1.4 1.4 1.4
Generator 0.5 0.5 0.5
gll’sr%d(]/w) 0.5 0.5 0.5
Trigger 1.5 1.0 e
Branching fractions 0.6 0.6 0.6
J/y signal fitting 1.8 1.5 e
MC statistics 0.1 0.1 0.1
Sum 6.9 7.3 6.7
Sum for B[J/w — n¢) 7.2 7.9 6.8

which contribute a systematic uncertainty of 0.6%.  The
statistical uncertainty in the MC determination of the
efficiency is 0.1%.

Assuming all these sources are independent and, adding
them in quadrature, the total systematic uncertainties in
measuring B[J /y — n¢] are 7.9% for the z*z~z° mode
and 7.2% for the yy mode. There are some common
uncertainties in the two modes, as listed in Table III. For
other uncertainties that have no correlation between two
modes, these are first summed in quadrature to obtain J;.
Then the total independent uncertainty (J,,) is calculated
by />:(Ae; x B;)?/> . (¢; x B;), where Ag; equal to

5; X &, i is the ith mode of n decays (i = #* 7~ 7%, yy).
The value of 8y, is calculated by \/ 3,87 + (Bu)? (5

designates each common uncertainty mentioned above), and
the total
to be 6.7%, which is common in the cross section measure-
ment and the determinations for B[¢(1680) — n¢],

F(e/)zfsso B$(1680) = n¢] and the upper

T4 5120 Bl#(2170) — np).

By changing the fit range to [1.6,2.9] GeV/c?, the
systematic uncertainty due to the fit range is found to be
negligible. To estimate the model dependence of
the nonresonant contribution, we use Aj; (s) = ap/s.
The uncertainties in backgrounds from the 2D sidebands
are estimated by changing a or b by lo and changing the
functions used to parametrize them, as mentioned in
Sec. IV. Systematic uncertainties in the cross section
resulting from different sideband background parametriza-
tions are also shown in Fig. 7; these translate to uncer-
tainties in the number of J/y signal events of 1.8% in the
yy mode and 1.5% in the 77~ 2" mode. The uncertainty in

systematic uncertainty thereby calculated

limit of

*(892) /1o
1680 / B (1680)

the prev10us measurement [24].

is obtained by varying 1o according to

VII. SUMMARY

In summary, the e™e™ — #¢) cross sections are measured
from threshold to 3.95 GeV, and no significant ¢(2170)
signal is observed. The branching fraction of J/y — n¢ is
measured to be (7.2 4- 0.8 £ 0.5) x 1074, which is in good
agreement with the world average value [34]. There are
two solutions with the same fit quality but different phase
angles, obtained from fitting the invariant mass distributions
of ¢ including ¢(1680) but no ¢(2170). The resonant
parameters of ¢(1680) are obtained to be mgy( 1650 =

(1696 + 8 = 10) MeV/c2, T 1650 = (175+13£16) MeV,
TS {550, BlH(1680) — ng] = (75 £ 10+ 11) eV or (207 +

16 £ 20) eV, and B[¢(1680) — n¢| = (25 £ 12 +£2)% or
(23 & 10 +£ 2)% for the two solutions. The ¢»(2170) signal is
not significant, and the upper limit on the ¢(2170) produc-
tion is determined to be T (26170)8[45(2170) - ne] <

0.17 eV or < 18.6 eV at 90% CL; both are consistent with
the BESIII measurement [27].
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