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We report the measurement of yy — 7.(15),7.(2S) = #/'z*z~ with #' decays to yp and natzn~
using 941 fb=! of data collected with the Belle detector at the KEKB asymmetric-energy ete™
collider. The #.(1S) mass and width are measured to be M = [2984.6 £ 0.7 (stat) £ 2.2 (syst) £
0.3 (model)] MeV/c? and T = [30.8733 (stat) & 2.5 (syst) £ 1.4 (model)] MeV, respectively. First
observation of 7.(2S) — n'z"z~ with a significance of 5.5¢ including systematic error is obtained,
and the 77.(2S) mass is measured to be M = [3635.1 4= 3.7 (stat) 2.9 (syst) + 0.4 (model)] MeV/c?. The
products of the two-photon decay width and branching fraction (5) of decays to 'z z~ are determined to
bel, I, B = [654+2.6(stat) £ 7.8 (syst)] eV forn.(1S) and [5.67]7 (stat) + 1.1 (syst)] eV for 5.(25).

ey

The cross sections for yy — 'z 7z~ and ' f,(1270) are measured for the first time.

DOI: 10.1103/PhysRevD.98.072001

I. INTRODUCTION

The charmonium states 7.(1S) and 7.(2S) play an
important role in tests of quantum chromodynamics
(QCD) [1]. Precise measurement of their two-photon decay
widths may provide sensitive tests for QCD models [2]. The
lowest heavy-quarkonium state #.(1S), together with the
J/w, n,(1S), and Y(1S), serve as benchmarks for the fine-
tuning of input parameters for QCD calculations [3]. The
1.(18) and n.(2S) resonance parameters were measured in
w(2S) radiative decay by BESIII and in B decay and two-
photon production by BABAR, Belle and CLEO [4-9].
CLEO made the first measurement of the 7. (2S) two-photon
decay width T",, via K9K "z~ but observed no signal for the
1(28) = 'z~ decay [9]. They measured the ratio of the
productof I',, and B(KYK " z~) for 5. (2S) to that for . (15),
as well as T',, for 5.(1S). Assuming equal 3 for the . (15)
and ,(2S) decays, the two-photon width I',, for 1,(2S) is
estimated to be (1.3 +0.6) keV. On the other hand, the
assumption of equal B for 7.(1S) and 7.(2S) seems
implausible since the value of B(1.(2S) - KKz) = (1.9 &
0.4 & 1.1)% measured by BABAR [10] is far from the world-
average value of B(n.(1S) —» KKz) = (7.3 +0.5)%.

Using 637 fb~! of data, Belle reported the measurement
of the 7.(1S) resonance parameters in two-photon fusion
based on its decays to 'z~ with ' = natz~ [11]. The
above considerations motivate an updated measurement of
1.(1S) parameters using the 941 fb~! Belle data set, and,
additionally, an attempt to measure I',, for 7.(2S) in order
to address the discrepancy between experimental data and
QCD predictions for this parameter, most of which lie in the
range of 1.8-5.7 keV [12-17].

The cross sections for two-photon production of meson
pairs have been calculated in perturbative QCD and
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measured in experiments in a W region near or above
3 GeV, where W is the invariant mass of the two-photon
system. The leading term in the QCD calculation [18-20] of
the cross section predicts a 1/(W® sin* @) dependence for a
charged-meson pair and a 1/W'° dependence and model-
dependent angular distribution for a neutral-meson pair.
Here, 6 is the scattering angle of a final-state particle in the
two-photon CM frame. The handbag model [21] gives the
transition amplitude describing energy dependence and
predicts a 1/ sin* @ angular distribution for both charged-
and neutral-meson pairs for large W. The Belle results for the
cross sections [22] show that the angular distributions for the
charged-meson pairs, yy — ztz~, KT K™, agree well with
the 1/ sin* @ expectation, while those for the neutral-meson
pairs, yy — 7°2%, K3K9, nz° and nn, exhibit more compli-
cated angular behavior. The measured exponent n in the
energy dependence 1/W" for both charged- and neutral-
meson pairs is found to lie between 7.3 and 11 with arelative
error of 7%—20%. Further study with improved precision in
both experiment and QCD predictions at higher W mass
would provide more sensitive comparisons. There is no
specific QCD prediction for the two-photon production of
either the pseudoscalar-tensor meson pair 77/ f,(1270) or the
three-body final state 7’z z~. Our results for the production
of these two- and three-body final states would, thus,
provide new information to validate QCD models.

In this paper, we report the updated measurement of
the 7.(1S) parameters with the most Belle data sample of
941 fb~!, the observation of an 7. (2S) signal with its decays
ton' "z~ for the first time, the measurement of the product of
the two-photon width of 77.(2S) and its branching fraction to
7'zt 7~ and the measurement of nonresonant production of
n'ntx~ with ' - nata~ decay via two-photon collisions.

II. DETECTOR AND MONTE CARLO
SIMULATION

The Belle detector is a large-solid-angle magnetic
spectrometer that consists of a silicon vertex detector, a
50-layer central drift chamber, an array of aerogel threshold
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Cherenkov counters, a barrel-like arrangement of time-of-
flight scintillation counters, and an electromagnetic calo-
rimeter (ECL) comprised of CsI(TI) 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 identify
muons. The detector is described in detail elsewhere [23].

We generate the two-photon process yy — 'z 7~ using
the TREPS code [24], where the 5 decays generically
according to JETSET7.3 [25]. A distribution uniform in
phase space is assumed for the 7.(1S) and .(2S) decays to
the 7'z z~ final state. The GEANT3-based [26] simulation
package that incorporates the trigger conditions is
employed for the propagation of the generated particles
through the Belle detector.

III. DATA AND EVENT SELECTION

We use two data samples. The first is collected at
the Y(4S) resonance (/s = 10.58 GeV) and 60 MeV
below it with integrated luminosity Liy 45 = 792 b1,
while the other is recorded near the Y(5S) resonance
(/s = 10.88 GeV) with L, sq = 149 fb~!. When com-
bining the data in this analysis, a slight dependence of the
two-photon cross section on et e~ center-of-mass energy is
taken into account, as described in Sec. IV.

Two 7' decay modes, ' — nx*z~ withn — yy and ¥/ —
yp including nonresonant z*z~ (denoted as nzz and yp,
respectively), are included in the reconstruction of the #’
meson in the 7'z 7~ final state.

A. Selection criteria

At least one neutral cluster and exactly four charged tracks
with zero net charge are required in each event. The candidate
photons are neutral clusters in the ECL that have an energy
deposit greater than 100 MeV and are unmatched with
any charged tracks. To suppress background photons from
7% (#° or n) decays for the nzz (yp) mode, any photon
that, in combination with another photon in the event
has an invariant mass within the z° (z° or ) window M, —
myo| < 0.018 GeV/c* (IM,, — mp| < 0.020 GeV/c* or
|M,, —m,| <0.024 GeV/c?) is excluded. Events with an
identified kaon (K= or K(S’ — zt7™) or proton are vetoed.
Charged pion, kaon and proton identification strategies and
criteria for the both nzz and yp modes, as well as the event
selection criteria for the #zz mode, are the same as those used
in Ref. [11] except for the requirement on the transverse
momentum |Xp;| (see Sec. Il B). Here, | p;| is the absolute
value of the vector sum of the transverse momenta of the 7/,
zt, and 7~ in the eTe™ center-of-mass system. To improve
the momentum resolution of the #’, two separate fits to the 7/
are applied, one with a constrained vertex and the other with a
constrained mass.

For the nzzw mode, the 5 is reconstructed via its two-
photon decay mode, where the two-photon invariant mass

is in the window M,, € [0.524, 0.572] GeV/c* (£20 of
the nominal 7 mass). The 7 candidate is reconstructed from
the 5 candidate and the 7"z~ track pair that has an invariant
mass within M, .- € [0.951, 0.963] GeV/c?* (+20 of the
nominal 7' mass).

For the yp mode, the event contains one photon and two
#tn~ pairs. The 5/ candidates are reconstructed with one
photon candidate and a p° candidate comprised of a 77~
pair whose invariant mass lies within the p° signal region
|M - —my| < 0.18 GeV/c?. Finally, the photon and p°
candidate must satisfy M,, € [0.942, 0.974] GeV/c* (+20
of the nominal 7’ mass).

For both the #zz and yp modes, we reconstruct 'z 7~
candidates by combining the 77/ with the remaining 7z 7™ pair,
which must satisfy a vertex-constrained fit. For multicandi-
date events, the candidate with the smallest > from the #’'
mass-constrained fit is selected. For #’z*z~ combinations
with an invariant mass of W = 2.98(3.64) GeV/c?, we find
that 8.2% (7.3%) of the signal Monte Carlo (MC) events have
more than one candidate per event for the yzz mode and 15%
(9.8%) for the yp mode, from which the correct candidate is
selected 94% (98%) for the nzz mode and 88% (89%) for the
yp mode. The sum of the ECL cluster energies in the
laboratory system and the scalar sum of the absolute
momenta for all charged and neutral tracks in the laboratory
system for the 7zt 7~ system must satisfy E,, < 4.5 GeV
and Py, < 5.5 GeV/c to further suppress background
events produced via eTe™ — gg with or without radiative
photons.

B. Optimization for the |Xp;| requirement

The prominent feature for the events from an untagged
two-photon process in et e~ collisions is that they tend to
carry small transverse momentum. Therefore, a |Zp;|
requirement allows significant background reduction.
The |Xp;| distributions for the nzz and yp modes in the
signal regions of W € [2.90,3.06] GeV for 7.(1S) and
W € [3.60,3.68] GeV for 1.(2S) are shown in Fig. 1.

The |[Xp;| requirement for selection of the n'ztz~
candidates from both the 7,.(1S) and 7.(2S) decays is
optimized using signal and background MC samples. The
n. signal and the background are described by a relativistic
Breit-Wigner function [see Eq. (1) in Sec. IV] and the
exponential of a third-order polynomial, respectively. The
background shape in the 7, signal region is determined from
the fit to the sideband data and normalized. The requirement
on |Xp;|is determined by maximizing the value of s/v/s + b
for both #zz and yp modes, where s is the 7, signal yield and
b is background yield in the 77, signal region. We find the best
|Xp;| requirements, which are close to each other in the two
1. mass regions, to be |Zp;| < 0.15 GeV/c for the nzn
mode and |Zp;| < 0.03 GeV/c for the yp mode. We find
that these values are stable in the range of the expected signal
yield based on the previous measurement [11] for#,.(1S) and
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an assumption of theoretical expectation for 7.(2S) [27].
We employ the |Xp;| requirement values optimized
for n.(1S) to look also for the #.(2S) in both nzzx and
yp modes.

The invariant mass distributions for the candidates of
the #' and that of the #’7z"z~ in the nyzz and yp modes
are shown in Fig. 2 and Fig. 3, respectively. In addition
to the prominent 7,(1S) signal, an evident enhancement
in the mass region near 3.64 GeV/c? is seen in both
modes.
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IV. FITTING FOR 7,(1S) AND 7,(2S)

The probability density function f (W) for the resonance
R is a Breit-Wigner function [28,29] fgw(W) convolved
with a mass-resolution function Rjcp after corrections for
the detection efficiency ¢;(W) and the two-photon lumi-
nosity function dL,,/dW:

dL,,(W)

fs(W) :fBW(W)WGi(W) ® Ricg(W). (1)

1500
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o
o

L T B
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—_

FIG. 2. The invariant mass distributions of (a) 7"z~ and yp° (b) for the #/z*z~ candidate events. Solid red line is the fit. The blue
dashed-dot and green dashed lines are the signal and background, respectively.
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Here, Ricp is an improved Crystal Ball (ICB) function [30].
The efficiency factor €;(W) includes the branching frac-
tions of ¥/ — na'z~ with n — yy for the yaz mode (i = 1)
and ' — yp with p — 2"z~ for the yp mode (i = 2). The
number of the #.(15) mesons produced via the two-photon
process is constrained to be equal for both modes in the
simultaneous fit. The luminosity function is evaluated in
the Equivalent Photon Approximation (EPA) [28,29] using
TREPS [24]. The efficiency for each #' decay mode is
corrected for the dependence on beam energy in the Y'(4S)
and Y(55) regions [31,32]:

. €4sLintas + €55 Lingss - dl;g”u}ss %

Lintas + Liness

; )

where €45 (esg) and dL,,ss/dW (dL,,ss/dW) are the
efficiency and two-photon luminosity functions, respec-
tively, at the Y (4S) [Y(5S)] energy.

The product of the two-photon decay width and the
branching fraction for the R — y/z"z~ decay is deter-
mined as

I,,B(R—nz"n")
o Nobs,i 3)

- dL,, (W ’
Liy ffBW(W) ;ﬁﬁ, >€i<W)dW

where n, ; is the yield of decay mode i of the resonance R in
the simultaneous fit, while L, is the integrated luminosity.
Identical W regions of [2.60,3.4] GeV/c? for 5,.(1S) and
[3.3,3.8] GeV/c? for5,.(2S) are chosen in the simultaneous

fit for the yield and as the integral interval in the calculation
of I, B.

A. Background estimation

The background in the 7'z z~ mass spectrum for the R
measurement is dominated by three components: (1) non-
resonant (NR) events produced via two-photon collisions,
which have the same |Zp; | distribution as that of the R signal;
(2) the %’ sideband (7'-sdb) arises from wrong combinations

(b)

10°

102

Events / 10 MeV/c?

10

N EE T BT
2.5 3 3.5

M@ m)[GeV/c?]

i
-
n
\S]

The 'z z~ invariant mass distribution for the candidate events with 7 decays to (a) yz* 7~ and (b) yp. Large . (1S) signal and
evident excess in the 7,.(2S) region (as arrow pointed) are seen.

of yyntn~ (yx* n™) for the nzz (yp) mode that survive the 7’
selection criteria, estimated using the events in the margins of
the n' signal in the yzz (yp) invariant-mass distribution;
(3) W'w*a™ 4 X (byyy) events having additional particles in
the event beyond the R candidate. Other nonexclusive events,
including those arising from initial-state radiation, are found
to be negligible [11].

For the determination of the background components,
two data subsamples, one with |Xp;| <0.15 GeV/c
(0.03 GeV/c), denoted as p,-balanced, and the other with
|Zp;| € 10.17,0.2] GeV/c ([0.15,0.2] GeV/c), denoted as
p,-unbalanced, for the yzz (yp) mode, are selected. (See
Ref. [11] for the details.) The R signal and NR component
peak in the p,-balanced sample while the #'-sdb and by,
backgrounds dominate over the signal plus NR in the p,-
unbalanced sample. For the 7z mode, the 77’ -sdb component
is well estimated using the 1’ sideband, defined by M, ,+,- €
[0.914,0.934] GeV/c? and € [0.98,1.00] GeV/c?. The
bany component is determined using the events in the p,-
unbalanced sample with the #'-sdb contribution subtracted.
Here, the assumption of the same shape in the invariant mass
distribution for the b,,, component in the p,-balanced and
p,-unbalanced samples is implied. For the yp mode, the sum
of #'-sdb and b, is determined from the events in the p,-
unbalanced sample. These two components are hard to
distinguish because of peaking background in the yp°
invariant mass distribution, caused by the large width of
the p meson and the #' mass-constraint fit.

The yield and shape for the two components, #'-sdb and
Dany separated (combined) for the nzz (yp) mode, are fixed
in the simultaneous fit. The exponential of a second-order
polynomial is used to describe the NR component with the
yield and shape floating in the fit for both the yzz and
yp modes.

B. Results of the 7,(1S) and 7,(2S) fits

Simultaneous fits to the 7'z z~ mass spectra with the
nar and yp modes combined are performed for both #,.(15)
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FIG. 4. The invariant mass distribution for the #/z* 7z~ candidates for (a) the nzz mode and (b) the yp mode, in the 7,.(1S) region. The
dots with error bars are data. The red solid line is the fit; the blue dashed line is fitted signal for 7.(15). The green dot, cyan long-dashed,
and magenta dashed-dot lines are the NR, #/-sdb and b,y (bany + 17'-sdb merged into the magenta dashed-dot line for the yp mode)

background components, respectively.

and 7,.(2S). The result of the fit for the #.(1S) signal and
background contributions are shown in Fig. 4. The 5.(1S)
mass and width are determined to be M = 2984.6 +
0.7 MeV/c? and T = 30.8733 MeV, with yields of n, =
945138 for the naz mode and n, = 17287% for the
yp mode.

Figure 5 shows the result of the fit for the 7.(2S) region,
which results in a signal with a statistical significance of 5.5¢
and yields of n; = 417 for the 72z mode and n, = 653
for the yp mode. The 7.(2S) mass is determined to be
M = (3635.1 +3.7) MeV/c?; its width is fixed to the
world-average value of 11.3 MeV [33] in the fit. The
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FIG. 5.

statistical significance for the 7.(2S) signal is calculated
with the y? distribution —2 In(Ly/ L nax) for Ngor degrees of
freedom. Here, £, and L, are the maximum likelihoods of
the fits with the signal yield floating and fixed to zero,
respectively, and N4,; = 2 is the difference in the number of
floating parameters between the nominal fit and the latter fit.

From Eq. (3), with the fitted signal yields as input,
the product of the two-photon decay width and the
branching fraction for the 7.(1S) and 7.(2S) are calculated
to be I, B(n'n*n~) = (65.4 £2.6) eV and (5.61]7) eV,
respectively. The fit results for the #.(1S) and 7,.(2S) are
summarized in Table I.

100

Events / 10 MeV/c?
[é)]
o

0’ '0'
0\JAL‘JAL\‘JLL\-I“\\\'I\-JLL\J

3.3 3.4 3.5 3.6 3.7 3.8
Mn'n'n)[GeV/c?]

The invariant mass distribution for the 7'z "z~ candidates for (a) the nzz mode and (b) the yp mode, in the 7.(2S) region. The

dots with error bars are data. The red solid line is the fit; the blue dashed line is fitted signal for 77.(2S). The green dot, cyan long-dashed,
and magenta dashed-dot lines are the NR, 1’-sdb and bany (bany + 1'-sdb merged into the magenta dashed-dot line for the yp mode)

background components, respectively.
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TABLE L. Summary of the results for the ,.(1S) and n.(2S): n
is the yield; M and I are the mass and width; FWB is the product
of the two-photon decay width and the branching fraction for
n. = 'zt x~. The first error is statistical, and the second is
systematic.

n:(15) n:(25)
rp nmtn” rp natn”
ng 172878 945738 65713 4119
M (MeV/c?) — 2984.6 £0.7 £2.2 3635.1 £3.74+29
I' (MeV) 30.8733 £2.5 11.3 [fixed]
T, B (eV) 65.4+£2.6+7.8 56712411

C. Systematic uncertainties

The systematic uncertainties are summarized in Table II.
We estimate the uncertainty in the trigger efficiency using
signal MC events. The differences between the two
efficiencies with and without simulation of the trigger
conditions are evaluated to be 0.5% (0.6%) for #.(1S)
(17.(28)) in the yp mode, and 1.4% for both . mesons in the
nzz mode. The contribution to the systematic uncertainty
arising from pion identification is studied using an inclu-
sive D* sample. The uncertainties of pion identification are

TABLE II. Summary of systematic uncertainty contributions to
the I',, 3, mass and width for 57, (1S), 77.(2S) in the fit with yp and
na 't~ modes combined.

A(T,,B)/ (T, B)(%)
Source 7.(1S) 17.(25)
Trigger efficiency 0.9 1.0
7% identification efficiency 1.7 2.1
|Zp;] 1.5 9.8
Background shape 23 9.2
n-sdb and b, 2.5 4.8
n%-veto 24 2.2
1.(2S) width error 8.8
n reconstruction efficiency 4.9

Track reconstruction efficiency 5.5

Run dependence 3
Two-photon luminosity 5

PHSP assumption 6

Total 12 20
AM (MeV/c?)

Mass scale 2.1 2.6
|Zp;] 0.1 1.1
Background shape 0.7 0.4
1.(2S) width error 0.1
Total 2.2 2.9
A" (MeV)

Mass resolution 1.2

IZp;| 0.7

Background shape 2.1

Total 2.5

found to be 1.8% (2.3%) in the yp mode and 1.5% (1.8%)
in the nzz mode for 1.(1S) [.(2S)]. The averaged values
of deviations in the yield, mass, and width between the two
simultaneous fits, with the |Xp;| requirement changed by
40.01 GeV/c in the yp mode and by +0.02 GeV/c in the
naz mode, are treated as systematic uncertainties.

Two methods are applied to evaluate the systematic
uncertainty related to the uncertainty in the NR background
shape: (1) changing the mass window size in the fit and
(2) altering the fit function for the background-shape
description. The difference between the average values
of the two fit yields calculated by changing the mass
window width by 100 MeV/¢? is regarded as systematic
uncertainty: we find 2.3% (9.0%) in the yp mode and 2.2%
(9.5%) in the nzz mode for 1.(1S) (1.(2S)). The con-
tribution to the uncertainty in the fit yield estimated by
varying the order of the polynomial function is found to be
minor and thus is neglected.

The uncertainty in the determination of the #’-sdb and
b,y backgrounds is estimated with changes in the »’-sdb
window size by +0.01 GeV/c?. The resulting difference in
yields is evaluated to be 2.5% for 7.(1S) and 4.8% for
n.(2S) and is treated as the uncertainty.

The uncertainty from the z°-veto is estimated as the
difference in efficiency with and without the z%-veto. The
uncertainties for the 5 reconstruction efficiency are studied
using an inclusive # sample, and its deviation from the MC
simulation plus its error in quadrature is 4.9%. The
systematic uncertainties related to charged track
reconstruction efficiency, luminosity function calculation,
and experimental-conditions dependence are studied via
charmonium decay to four charged mesons [7,8]. The
evolution of the background conditions over time adds an
additional uncertainty of 3% in the yield determination.
The accuracy of the two-photon luminosity is estimated to
be 5% including the uncertainties from radiative corrections
(2%), the uncertainty from the form-factor effect (2%), and
the error of the integrated luminosity (1.36%).

The efficiency for the n'z"z~ events is determined
with the MC sample generated with 7.(1S) decays to
three-body #'z" 7z~ according to phase space distribution.
Possible intermediate states in 7,.(1S) decays are checked
in data. Figure 6 shows the Dalitz plots for the #'z*z~
events selected in the #.(1S) signal window of
[2.90,3.06] GeV/c? and sideband region of [2.60,2.81] U
[3.15,3.36] GeV/c? (denoted as sdb) in the yzz mode.
Figures 7(a) and 7(c) show the 5zt (charge conjugate
implied, two entries per event) and zz~ invariant mass
distributions for the events selected in the 7,.(1S) signal and
sdb regions. The corresponding mass distributions after
subtraction of the normalized sdb background are shown in
Figs. 7(b) and 7(d). Broad structures are seen in distribu-
tions of both M (17'z*) near 1.7 GeV/c? and M(zn" n~) near
2 GeV/c?. To estimate the effect on the efficiency due to
the two-body intermediate states in 7.(1S) decays, a
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FIG. 6. The Dalitz plots for events selected in the 7.(1S) signal (a) and sdb (b) regions.

possible two-body intermediate state ,.(1S) — #'f(2100)
is assumed and simulated, and the averaged efficiency of
this mode and the three-body phase space sample is
calculated. Here, an approximately equal ratio of two
yields 7 hree-body/Ms two-body 1S assumed  in  averaging
the two modes. The relative difference in efficiencies
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s Wl © H ]
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”? I\jl(mr) [GeV/cz} ° :
FIG. 7.

between the phase space (PHSP) MC sample and the
average efficiency is estimated to be A€y, = 8.8%
(A€yyryy = 3.6%) for the nzz (yp) mode. Taking the
yield-weighted mean of Ae, ., and Aey,,, for the
nzz and yp modes combined in the fits, the uncertainty
in efficiency related to the assumption of the uniform
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N
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N

(@) [(c)] The invariant mass M(y'z") distributions (two entries per event) [M(z"z~) distributions] in data for the events

selected in the #.(1S) signal region is drawn as the black solid dots with error bars. The red histogram is for the normalized sdb
background events. (b) [(d)] The black solid dots with error bars is the M(1'z") [M(z"z~)] distribution in the #.(1S) signal region in
data after subtraction of the sdb background and the blue histogram normalized to data is for MC events of the 7,.(1S) decays to three-

body final state according to PHSP distribution.
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TABLE III. Defined bin size and total number of bins in W and
| cos 6*| in individual W ranges.

W [GeV] AW X Ny [GeV] A cos 0| X Nyjpng
1.40-1.66 0.26 x 1 0.1 x10
1.66-1.82 0.08 x 2 0.1 x 10
1.82-2.66 0.04 x 21 0.1 x 10
2.66-3.08 0.06 x 7 02x5
3.08-3.40 0.16 x 2 02x5
3.40-3.80 0.20 x 2 02x5

distribution in PHSP is found to be 6%, which is added to
the systematic error.

To examine the systematic uncertainty in the mass
measurement for the R — n'z"z~ decay, an inclusive
control sample of the decay D°— n'K) with K9 —
atr~ is selected with a tight mass window for #’. The
D mass resulting from fits to the invariant mass spectra of
n'K$ is shifted from its nominal value by 1.26 MeV/c?
(0.93 MeV/c?) in the nzz (yp) mode. The sum of the shift
and statistical error in quadrature, scaled linearly to the #,
mass, is taken as the contribution of the uncertainty for the
mass scale. The uncertainty in the width determination is
estimated by changing the mass resolution by -1 MeV/c?,
and is found to be 1.2 MeV/c? for the 7.(1S). The
uncertainties for the resonance mass and width coming
from |Zp;| and background shape are determined with the
same method as that for the I',, 3 measurement.

Taking the yield-weighted mean of squared uncertainty
for the yp and 2z~ modes combined in the fits, the total
systematic uncertainties in the measurements of I, 3, mass
and width for 7.(1S) [.(2S)] are calculated by adding the
individual mean uncertainties in quadrature.

V. MEASUREMENTS OF THE CROSS
SECTIONS

We utilize the data sample selected in the ' — nzz mode
to measure the nonresonant production of #'z"z~ final

states via two-photon collisions. The cross section of
eTe™ = eteh production is expressed as

Oete~—eteh :\/‘nyqh(Wv COSQ*l)
dL,,(W
AL, W)

W dWd| cos 6|, (4)

where h denotes one of two hadronic final states: 'zt 7~ or
1 f2(1270). Here, 6* is the angle between the 7 momentum
and the beam direction in the yy rest frame.

The differential cross section in the measurement of the
W and | cos 6*| two-dimensional distribution for the final-
state particles is calculated with the formula below,
accounting for the efficiencies as a function of the mea-
sured variables.

do,,_,(W,cos0")  AN(W,cos6")/e(W,cos ")

d| cos 6| Lin L2 AWA| cos 67|

(5)

where the yield AN is extracted by fitting the [Zpj|
[M(z"z~)] distribution in a data subsample sliced in
each two-dimensional bin for the yy — y'ztn~ [yy —
1 f2(1270)] production. The efficiency e(W,cos6*) is
evaluated using MC events for each two-dimensional
bin. L;, is the total integrated luminosity of the data and
dL,,/dW is the two-photon luminosity function.

The W-dependent cross sections of yy — h are obtained
by a summation over | cos *| bins as

do,,.,(W,cos ")
d| cos 6|

J}/y—)h (W) =
Al cos 0|

Alcos@*|. (6)

A. Cross sections of yy — #'z* z~ (including #/'f,(1270))

We divide the W distribution between 1.40 and 3.80 GeV
into 35 bins and the | cos *| distribution into 10 and 5 bins
for the W regions of 1.40 to 2.66 GeV and 2.66 to 3.80 GeV,
respectively. The defined bin size and total number of bins
in W and |cos@*| are listed in the Table III. Detection

FIG. 8.
(a) W € [1.40,2.66) GeV and (b) W € [2.66,3.80] GeV.

Detection efficiency ¢ as a function of W and |cos@*| for yy — #'z*z~ with the yz*z~ mode in the regions of
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FIG. 9. Measured cross section of yy — #/z"z~ (including
1 f,(1270)) for the yzz mode.

efficiencies as a function of W and |cos 6*| are shown in
Fig. 8. The yield AN in Eq. (5) is extracted by fitting the
|Zp;]| distribution in data for each two-dimensional bin. For
the fit, the signal shape in MC is fixed, the #'-sdb
background in data is normalized and fixed, and the b,,,
background is described by a third-order polynomial with
its constant term fixed at 0 and the other parameters
floating.

A background arising from #' — yp decays in the candi-
date events of the #zz mode is studied using the MC sample.
One photon and four charged-pion tracks in the MC event,
produced for the yp mode, plus a fake photon, is wrongly
chosen as an 7'z 7~ combinatorial candidate for the nzx
mode. Here, the fake photon with low momentum is a neutral
track composed of background hits or hit clusters split from
charged pion tracks in the ECL. This appears as a background
component because of the additional fake photon in the
event; it is estimated using the premeasured cross section for
yy = 'z x~ in data for the nzz mode and is found to be
small. The measured cross section for yy — 5’z 7~ for the
nrm mode after subtraction of this small contamination is
shown in Fig. 9.

B. Result for the yy — 1/f,(1270)
cross section measurement

To calculate the cross section for the yy — #'f,(1270)
production, we divide W into 16 bins from 2.26 to 3.80 GeV,
and |cos @*| into 10 and 5 bins (0 < |cos&*| < 1) for the
regions of W € [2.26,2.62) GeV and [2.62, 3.80] GeV,
respectively. The efficiency e¢ in each two-dimensional
bin, evaluated using signal MC events for yy —
7' f»(1270) with the phase-space distribution, is shown
in Fig. 10.

The yield AN of f,(1270) in Eq. (5) is extracted by
fitting the invariant mass spectrum of ztz~ for the
f2(1270) signal using the data subsample in each two-
dimensional bin. A broad f,(1270) signal in the W region
from 2.26 to 2.62 GeV near threshold is described by a
D-wave Breit-Wigner function,

(7)

1
_ 5
Jew = (W2 — M%)? + MI2 qp-,

where M and I are the f,(1270) mass and width. The g and
p momentum variables are, respectively, of the f,(1270) in
the yy rest frame and of the 7 meson from the f,(1270)
decay in the f,(1270) rest frame. In the fits, I" is fixed to the
world-average value, and M is fixed to the value extracted
from fitting the #"z~ invariant mass spectrum for the
f2(1270) using events in the full range of W (| cos 6| < 1).
The f,(1270) signal in the W region above 2.62 GeV is
described by a normal Breit-Wigner function with both M
and I fixed to the world-average values. We fix the fraction
of the #'-sdb background in the fits. The combinatorial
background, including non-f,(1270) and b,,, events, is
described by a fourth-order polynomial with its parameters
fixed to the values extracted from the f,(1270) fit for each
W bin.

The W-dependent cross section for yy — #'f,(1270) in
the nzz mode, calculated with Eq. (5), is shown in Fig. 11
and listed in Table IV. The differential cross sections in
|cos 6|, averaged over W bins in the three ranges

FIG. 10. Detection efficiency ¢ as a function of W and |cos@*| for yy — #/f,(1270) in the nzz mode in the W ranges of

(a) [2.26, 2.62) GeV and (b) [2.62, 3.80] GeV.
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FIG. 11.

Measured cross sections for yy — ' f,(1270). The black dots with statistical error bars are the data within (a) | cos 6| < 1

and (b) |cos 0*| < 0.6. The red solid lines are fitted curves with the W-power index n = 5.1 £ 1.0 and n = 7.5 £ 2.0, respectively,
assuming a W dependence of 1/W”. The green dashed line corresponds to the leading-term QCD prediction for neutral meson pairs

(n = 10).

W € [2.26,2.50),[2.50,2.62), [2.62,3.80] GeV, are given
in Fig. 12.

We assume that the W and 0* dependencies of the
differential cross section follow the power law
o« 1/W"-sin?6*, which is the same as that for pseudo-
scalar meson pairs in the Belle data and the QCD
predictions [22]. In a fit to the measured cross sections

2.26 GeV <W < 2.50 GeV
; : ; ‘ ; :

for yy — #'f,(1270) in the range of W € [2.5,3.8] GeV,
the resulting W power-law exponent is n=7.7+%
1.5(7.5 £2.0) for |cos@*| € [0.0,0.8](€ [0.0,0.6]). The
differential cross sections in |cos @*| show an ascending
trend in all three W ranges, and its rate of increase is greater
for events in the larger W ranges. The complicated behavior
for the angular dependence of the cross sections is seen in

2.50 GeV <W <2.62 GeV
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FIG. 12. Cross sections of yy — 1/ f,(1270) in | cos %] in three W regions from 2.26 to 3.80 GeV. The normalizer oy, is the total cross
section in the | cos 8% < 0.8 region. The black solid points are the data with statistical errors. The red solid line, normalized to the data in

the same angular range, follows a 1/ sin* * behavior.
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TABLE IV. Measured cross sections as a function of W within
|cos 6| < 1 foryy — ' f,(1270) in the nzz mode. The first error
is statistical, and the second is systematic.

W (GeV) o(yr = ' f2(1270)) (nb)
2.26-2.30 0.58 +0.05 4+ 0.11
2.30-2.34 0.58 4 0.05 4+ 0.11
2.34-2.38 0.495 4 0.059 + 0.091
2.38-2.42 0.457 4 0.053 + 0.087
2.42-2.46 0.511 & 0.054 + 0.098
2.46-2.50 0.407 + 0.075 + 0.086
2.50-2.54 0.512 4 0.061 + 0.091
2.54-2.58 0.430 & 0.056 + 0.078
2.58-2.62 0.311 + 0.059 =+ 0.063
2.62-2.66 0.348 + 0.060 + 0.063
2.66-2.72 0.302 + 0.048 + 0.058
2.72-2.78 0.317 & 0.049 + 0.053
2.78-2.84 0.220 + 0.045 + 0.037
2.84-2.90 0.290 4 0.048 + 0.051
2.90-3.06 0.208 + 0.031 =+ 0.043
3.06-3.80 0.080 & 0.011 £ 0.019

the range of W < 2.50 GeV with markedly lower power for
sin 0" of a < 4, while it tends to match with the power law
for the ranges of W € [2.50,2.62] and [2.62,3.80] GeV.

C. Result for the yy —» #/z* n~ (excluding 7'f,(1270))
cross sections

In the left plot of Fig. 13, the measured W-dependent
cross sections of yy — 1/ f,(1270) and yy — y'z'n
[including #'f,(1270)] production are shown. The former
is obtained by fitting the z" z~ invariant mass spectrum for
the f,(1270) signal and the latter is extracted in fitting the
|Zp;| distribution for the n’z"z~ signal. Taking the differ-
ence between the two yields in each two- dimensional bin in
data as input, the cross sections of yy — 'z 2~ production

2T L L B AL
B . o(yy—>nn*)(including f,(1270)) ]
15 C ° cs(y'y—mf (1270)) ]
2 4 &Mﬁ E
3 $1 1
T or 4+ % tHt %ﬁ ]
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1 I [ PR R B
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W[GeV]
FIG. 13.

Right panel: cross sections of yy — 'zt

without the #'f,(1270) contribution for the #zz mode are
calculated and shown in the right plot of Fig. 13 and
summarized in Table V. Two peaking structures are evident.
The one around 1.8 GeV likely arises from the 7(1760) and

X(1835) decays to #/'z"z~ [11], and the other around
2.15 GeV is possibly due to yy — #'f(980) production.
The 7.(1S) contribution near 2.98 GeV has been sub-
tracted. A larger data sample is necessary in order to
understand these two structures in more detail.

The differential cross section in |cos&*| for yy —
n'zTx~ production after subtracting both contributions
from yy — #'f,(1270) in the W region above 2.26 GeV
and 77.(1S) in the region of W € [2.62,3.06] GeV is shown
in Fig. 14. Nearly flat distributions of the cross sections in
the three regions of W € [2.26,2.50], [2.50, 2.62] and
[2.62, 3.06] GeV are consistent with the expectations from
three-body final-state production via two-photon collisions.
Both the peaking structures [yy — 7(1760) or X(1835) —
Wtz and yy - ' f1(980) — 'z 7] follow a uniform
angular distribution; thus, there is no distortion with or
without their contribution in the resulting angular distri-
bution in Fig. 14.

D. Systematic uncertainty

Systematic uncertainties arising from the pion identi-
fication, 7°-veto and 5'-sdb background in measurements
of the cross sections for both yy — y'z*z~ and yy —
1 f»(1270) production are estimated in each two-dimen-
sional bin, using a method similar to that in the deter-
mination of the product of two-photon width and
branching fraction for the final state, FWB. The uncer-
tainty in the trigger efficiency is calculated to be 1.2%—
6.7% for the nzz mode. The uncertainty in the determi-
nation of the b,,, background shape is estimated by
changing each parameter by =+1lc in the fit, and the
difference in yields with and without this change in each
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Left panel: cross sections of yy — 'zt~ [including #'f,(1270)] (black solid dots) and yy — #'f,(1270) (red open dots).
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TABLE V. Measured cross sections for yy — 'zt z~ after subtracting contributions from yy — #'f,(1270) in the W region above
2.26 GeV and 7.(1S) in the W region of [2.62,3.06] GeV. The first error is statistical, and the second is systematic.

W (GeV) o(yy = n'ztz~) (nb) W (GeV) o(yy = n'ztz~) (nb)
1.40-1.66 0.315 4 0.06470046 2.30-2.34 0.52 £0.11519
1.66-1.74 0.689 4 0.07470084 2.34-2.38 0.53 £ 0.11%39
1.74-1.82 1.01 £ 0.10701] 2.38-2.42 0.58 +0.101p;
1.82-1.86 0.77 £ 0.09709 2.42-2.46 0.45 £ 0.10Zp9
1.86-1.90 0.69 = 0.09708 2.46-2.50 0.64 £ 0.11%13
1.90-1.94 0.661 + 0.082:+0075 2.50-2.54 0.40 = 0.10Z0¢
1.94-1.98 0.62 £ 0.08-07 2.54-2.58 0.59 £ 0.1010;
1.98-2.02 0.58 = 0.0600-065 2.58-2.62 0.42 £ 0.092)%9
2.02-2.06 0.552 4 0,072:00¢2 2.62-2.66 0.37 + 0.08567
2.06-2.10 0.70 4 0.07-09% 2.66-2.72 0.30 £ 0.072¢
2.10-2.14 0.85 4 0.0810% 2.72-2.78 0.20 £ 0.072 003
2.14-2.18 0.71 £ 0.07+09% 2.78-2.84 0.17 £ 0.07:553
2.18-2.22 0.92 + 0.07:0.10 2.84-2.90 0.085 £ 0.07179013
2.22-2.26 0.86 £ 0.07+0.10 3.06-3.80 0.081 = 0.021553,
2.26-2.30 0.40 £ 0.107 058

parameter, added in quadrature, is taken as its contribu-
tion to the systematic uncertainty. We study the non-7/
events with the same final state of yy — yzzzz in MC.
We see that these non-# events with a wrong combination

2.26 GeV < W < 2.50 GeV
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of yzm, surviving the #'zzx selection criteria, have a
peaking feature in the |Epj| distribution in the #’ signal
window. The contribution from non-7’ is regarded as
a lower systematic uncertainty of the cross section.
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FIG. 14. Differential cross sections of yy — 'z 7~ [excluding 1/ f,(1270)] in | cos 6*| in three W regions from 2.26 to 3.80 GeV. The
red solid line is a uniform distribution normalized to the data. In all panels, the error bars are statistical.
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TABLE VI. Summary of systematic uncertainties in the differ-
ential cross section measurement.

Source nrm (%) 1 f>(1270) (%)
Trigger efficiency 1.2-6.7 1.2-1.4
Background shape 0.6-6.5 12-21
1'-sdb and by, 0.6-6.6 1.6-2.1
n%-veto 2.7-4.4 2.9-3.7
7+ identification efficiency 0.6-1.9 0.8-1.8
non-7’ 2.0-21 e

n reconstruction efficiency 4.9

Track reconstruction efficiency 5.5
Two-photon luminosity 5

Run dependence 3

The systematic uncertainties in the measurements of the
cross sections are summarized in Table VI.

VI. SUMMARY AND DISCUSSIONS

The 7.(1S), 1.(2S), and nonresonant production of the
7’7"z~ final state via two-photon collisions are measured.
The results for the yields, masses, and widths, as well as
the product decay widths are summarized in Table I for the
n.(1S) and 7.(2S). The differential cross sections for
the nonresonant states of two-body #'f,(1270) with
f2(1270) - z*z~ and three-body #n'z*z~ [excluding
1 f2(1270)] in the nzz mode are shown in Tables IV
and V and Figs. 11-14.

The 7.(1S) mass and width are measured to be M=
[2984.6+0.7 (stat) +:2.2 (syst) £0.3 (model)|MeV/c* and
" = [30.8733 (stat) & 2.5 (syst) & 1.4 (model)] MeV and
are consistent with the world-average values [33]. Here,
the differences in the 7,.(1S) mass and width with and
without interference between #7,.(1S) and nonresonant
component, AM = 0.3 MeV/c?> and Al = 1.4 MeV,
are taken as model-dependent uncertainties in the
determination of the mass and width [11]. The directly
measured product of the two-photon width and branching
fraction for #7.(1S) decay to n'z"z~ is determined to
be T',,B(1.(1S) = y'z*n~) = (654 £2.6 +7.8) eV. By

TABLE VIL

employing the full Y(4S) and Y(5S5) data samples
(941 fb~') and an additional decay mode for the
' — yp, the results for the . (1S) mass, width and product
of its decay width in this measurement are obtained with
improved statistical errors, and thus supersede our previous
measurement using a 673 fb~! data sample [11]. With
the world-average value of I, (1,(15))= (5.1 £0.4) keV
[33] as input, the branching fraction is calculated to be
B(n:(18) —n'z"z")=
[12.8 4 0.5 (stat) £ 1.4 (syst) £ 1.0 (PDG)] x 1073, where
the third error is due to the 7. (1S) two-photon decay width.

We report the first observation of #.(2S) —» 'zt 'z,
with a significance of 5.5¢ including the systematic
error. We measure the mass of the 7.(2S) to be M =
[3635.1 + 3.7 (stat) & 2.9 (syst) & 0.4 (model)] MeV/c?,
which is consistent with the world-average value
[33], and the product of two-photon width and branching
fraction to n'z*z~ to be TI,,B(n.(2S)—=yzta)=
(5.65]2 £ 1.1) eV.

In fact, the ratio of the two products of two-photon decay
width and branching fraction for the #.(1S) and 7.(25),

L, (n.(28))B(n.(25))
R = S (8)

(n:(18))B(n:(15))’

is a quantity directly measured in experiments. The 7. (1S)
and 7,(2S) mesons in the measurements are all produced
via two-photon process, and the dominant contributions to
the systematic uncertainty in either product alone, such as
those for the two-photon luminosity and reconstruction
efficiencies of # and charged pion tracks, cancel almost
completely in this ratio. As shown in Table VII, the R
values from the two observations—one by BABAR [6]
with KKz and the other by this analysis with 'zt 7z"—
are measured to be R = (10.6+2.0)x 107> and
(8.6 £2.7) x 1072, respectively. They are consistent with
each other, while a third measurement with large uncer-
tainty by CLEO [9] is compatible with the former. It implies
that the assumption of approximate equality of the branch-
ing fractions for 7.(1S) and 5.(2S) to a specific final state,

Comparison of the I',,B for 7.(1S) and #.(2S) decays by CLEO, Belle, and BABAR, along with the ratio

R(n.(28)/n.(18)) = (T,,(n.(25))B(1.(25)))/ (T, (1:.(15))B(n.(15))). The two-photon decay width T',,(1.(2S) is estimated using
the world-average value of T, (17.(15)) = (5.1 +0.4) keV as input under the assumption of equal B for #,(1S) and #.(2S) decays.

Final state r,,B for .(1S) r,,B for .(2S) R(n.(28)/5.(1S)) r,,(n.(25)) Reference
€eV) (eV) (x1072%) (keV)
K(S)K+7t_ cee cee 18+5+2 0.92 £0.28 [9] CLEO 2004
KKn 386 £ 8 +21 41+4+6 10.6 2.0 0.54 +£0.11 [6] BABAR 2011
Wntn~ 654+26+78 56t1.2=+1.1 8.6 +2.7 0.44 +£0.14 This, Belle
QCD 1.8-5.7 [12—-17] 1992-2005
[34] 2008
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B(n:(28) = n'z"z")

o

B(n:(18) = n'z"z7)

B(n.(2S) - KKr)
B(n.(18) - KKx)’

©)

is reasonable within the errors. Here, the systematic
uncertainty contributions in the R values [and thus the
ratio of branching fractions for #.(1S) and 5.(2S) decays in
Eq. (9)] are conservatively estimated, since their cancella-
tion effect in determination of the ratio R errors is not
subtracted yet.

Under the assumption of equal branching fractions for
7.(1S) and 7.(2S) decay, the two-photon decay width for
1:(2S) is determined to be I, (1,(25))= (1.3 £0.6) keV
by CLEO [9], which lies at the lower bound of the QCD
predictions [12-17]. The resulting T, (1.(2S)) value,
derived from this work, is less than half of CLEO’s (see
Table VII). On the other hand, the measured unequal
branching fractions for #.(1S) and 7.(2S) decays to
KK, albeit with good precision for the former [33] but
large uncertainty for the latter [10], indicates that an
improved test of the assumption with experimental data
is indeed needed. Precision measurements of the branching
fraction for either 7.(2S) decays to K%K "z~ (nztz~) or B
decays to K7.(2S) would be able to clarify the discrepancy
in the two-photon decay width of 7.(2S) between data and
QCD predictions.

The cross sections of yy — 1/ f,(1270) and yy — 'zt 7~
[excluding #'f,(1270)] in na*z~ mode are measured.
Under the assumption of the power law dependence o
1/(W" - sin* @*) for pseudoscalar tensor meson pair pro-
duction, the fitted index n = 7.5 & 2.0 (for | cos %] < 0.6)
shows that the cross section of the yy — #'f,(1270)
production with #’ scattering at large angles in the yy rest
system behaves much steeper in its W dependence than that
at small angle, and that the W dependence of cross section
in the power law is compatible, within error, with the
sharply dropping behavior for neutral pseudoscalar meson
pair production measured by Belle (n = 7.8-11) [22] and
predicted by QCD (n = 10) [18-21]. On the other hand, the
behavior of the cross sections’ angular dependence for the
ranges of W € [2.50,2.62] and € [2.62,3.8] GeV is com-
patible with that for 7°z° and #z° production as measured
by Belle [22] and with that for pseudoscalar meson pair
production predicted by the QCD calculations [18-21].

In summary, the 7.(1S), n.(2S) and nonresonant 7/ 7+ 7~
production via two-photon collisions is measured. We
report the first observation of the signal for 7,.(2S) decays
to /"~ the measured products of the two-photon decay
width and the branching fraction for the 7, (1) and #.(2S5)
decays to #'ztz~, and the measurement of nonresonant
production of two-body 7' f,(1270) and three-body 1’7"z~
final states via two-photon collisions.

ACKNOWLEDGMENTS

We extend our special thanks to Y. H. Zheng and X. R. Lyu
of the University of Chinese Academy of Sciences for helpful
discussions. We thank the KEKB group for the excellent
operation of the accelerator; the KEK cryogenics group for
the efficient operation of the solenoid; and the KEK computer
group, the National Institute of Informatics, and the Pacific
Northwest National Laboratory (PNNL) Environmental
Molecular Sciences Laboratory (EMSL) computing group
for valuable computing and Science Information NETwork 5
(SINETS) network support. We acknowledge support from
the Ministry of Education, Culture, Sports, Science, and
Technology (MEXT) of Japan, the Japan Society for the
Promotion of Science (JSPS), and the Tau-Lepton Physics
Research Center of Nagoya University; the Australian
Research Council; Austrian Science Fund under Grant

No. P 26794-N20; the National Natural Science
Foundation of China under Contracts No. 11435013,
No. 11475187, No. 11521505, No. 11575017,

No. 11675166, No. 11705209; Key Research Program of
Frontier Sciences, Chinese Academy of Sciences (CAS),
Grant No. QYZDJ-SSW-SLHO11; the CAS Center for
Excellence in Particle Physics (CCEPP); Fudan University
Grants No. JIH5913023, No. IDH5913011/003,
No. JIH5913024, No. IDH5913011/002; the Ministry of
Education, Youth and Sports of the Czech Republic under
Contract No. LTT17020; the Carl Zeiss Foundation, the
Deutsche Forschungsgemeinschaft, the Excellence Cluster
Universe, and the VolkswagenStiftung; the Department of
Science and Technology of India; the Istituto Nazionale di
Fisica Nucleare of Italy; National Research Foundation
(NRF) of Korea Grants No. 2014R1A2A2A01005286,
No. 2015R1A2A2A01003280, No. 2015H1A2A1033649,
No. 2016R1D1A1B01010135, No. 2016K1A3A7A09005
603, No. 2016R1D1A1B02012900; Radiation Science
Research Institute, Foreign Large-size Research Facility
Application Supporting project and the Global Science
Experimental Data Hub Center of the Korea Institute of
Science and Technology Information; the Polish Ministry of
Science and Higher Education and the National Science
Center; the Ministry of Higher Education and Science of the
Russian Federation under the grant 14.W03.31.0026; the
Slovenian Research  Agency; Ikerbasque, Basque
Foundation for Science, Basque Government (No. IT956-
16) and Ministry of Economy and Competitiveness
(MINECO) (Juan de la Cierva), Spain; the Swiss National
Science Foundation; the Ministry of Education and the
Ministry of Science and Technology of Taiwan; and the
United States Department of Energy and the National
Science Foundation.

072001-16



MEASUREMENT OF 7,(15), 1.(2S), AND ...

PHYS. REV. D 98, 072001 (2018)

[1] N. Brambilla et al., Eur. Phys. C 71, 1534 (2011).

[2] J.P. Lansberg and T.N. Pham, Phys. Rev. D 74, 034001
(2006).

[3] N. Brambilla, A. Pineda, J. Soto, and A. Vairo, Rev. Mod.
Phys. 77, 1423 (2005).

[4] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
108, 222002 (2012).

[5]1 M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 86,
092009 (2012); Phys. Rev. Lett. 109, 042003 (2012).

[6] P. del Amo Sanchez et al. (BABAR Collaboration), Phys.
Rev. D 84, 012004 (2011).

[7]1 A. Vinokurova et al. (Belle Collaboration), Phys. Lett. B
706, 139 (2011).

[8] S. Uehara et al. (Belle Collaboration), Eur. Phys. J. C 53, 1
(2008).

[9] D. M. Asner et al. (CLEO Collaboration), Phys. Rev. Lett.
92, 142001 (2004). The value 1.3 £ 0.6 keV by CLEO is
calculated using T,,(n.(1S)) = (7.4 £0.4 +2.3) keV of
the CLEO’s as input.

[10] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 78,
012006 (2008).

[11] C.C. Zhang et al. (Belle Collaboration), Phys. Rev. D 86,
052002 (2012).

[12] E.S. Ackleh and T. Barnes, Phys. Rev. D 45, 232 (1992).

[13] M.R. Ahmady and R.R. Mendel, Phys. Rev. D 51, 141
(1995).

[14] C.R. Munz, Nucl. Phys. A609, 364 (1996).

[15] H. W. Huang, J. H. Liu, J. Tang, and K. T. Chao, Phys. Rev.
D 56, 368 (1997).

[16] D. Ebert, R. N. Faustov, and V. O. Galkin, Mod. Phys. Lett.
A 18, 601 (2003).

[17] C.S. Kim, T. Lee, and G. L. Wang, Phys. Lett. B 606, 323
(2005).

[18] S.J. Brodsky and G.P. Lepage, Phys. Rev. D 24, 1808
(1981).

[19] V.L. Chernyak and A.R. Zhitnitsky, Phys. Rep. 112, 173
(1984).

[20] M. Benayoun and V. L. Chernyak, Nucl. Phys. B329, 285
(1990).

[21] M. Diehl, P. Kroll, and C. Vogt, Phys. Lett. B 532, 99
(2002).

[22] A.J. Bevan, B. Golob, Th. Mannel, S. Prell, B. D. Yabsley
et al., Eur. Phys. Jour. C 74, 3026 (2014); see Sec. 22.2.2.

[23] A. Abashian et al. (Belle Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 117 (2002); also see
detector section in J.Brodzicka et al., Prog. Theor. Exp.
Phys. 2012, 04D001 (2012); S. Kurokawa and E. Kikutani,
Nucl. Instrum. Methods Phys. Res., Sect. A 499, 1 (2003)
and other papers included in this volume; T. Abe et al., Prog.
Theor. Exp. Phys. 2013, 03A001 (2013) and references
therein.

[24] S. Uehara, KEK Report 96-11 (1996).

[25] T. Sjostrand, Comput. Phys. Commun. 82, 74 (1994).

[26] R. Brun et al., CERN Report No. DD/EE/84-1, 1984.

[27] T. Barnes, T. E. Browder, and S. F. Tuan, Phys. Lett. B 385,
391 (1996).

[28] V.M. Budnev, L. F. Ginzburg, G.V. Meledin, and V.G.
Serbo, Phys. Rep. C 15, 181 (1975).

[29] J. Field, Nucl. Phys. B168, 477 (1980); and B176, 545
(1980).

[30] The original Crystal Ball (CB) function, defined in
MINUIT, has a Gaussian in its central and upper-side
regions and a tail in the lower side. The improved Crystal
Ball (ICB) function is defined as a CB with an additional tail
in its upper side.

[31] S. Uehara et al. (Belle Collaboration), Prog. Theor. Exp.
Phys. 2013, 123C01 (2013).

[32] M. Masuda et al. (Belle Collaboration), Phys. Rev. D 93,
032003 (2016).

[33] C. Patrignani et al. (Particle Data Group), Chin. Phys. C 40,
100001 (2016).

[34] J.P. Lansberg and T. N. Pham, AIP Conf. Proc. 1038, 259
(2008).

072001-17



