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We report the measurement of vy — 7:(15),7:(28) — n'mT 7~ with o’ decays to vp and nrn~
using 941 fb~' of data collected with the Belle detector at the KEKB asymmetric-energy eTe™
collider. The 7.(1S) mass and width are measured to be M = [2984.6 £+ 0.7 (stat.) & 2.2 (syst.)]
MeV/c? and T' = [30.8723 (stat.) £ 2.5 (syst.)] MeV, respectively. First observation of 7.(2S) —
n'ntn~ with a significance of 5.5¢ including systematic error is obtained, and the 7.(2S)
mass is measured to be M = [3635.1 £ 3.7 (stat.) £ 2.9 (syst.)] MeV/c?>. The products of the
two-photon decay width and branching fraction (B) of decays to n'm™m~ are determined to
be T\, B = [65.4 + 2.6 (stat.) £ 6.9 (syst.)] eV for 7.(1S) and [5.67]7 (stat.) + 1.1 (syst.)] eV for

1e(25).
with a statistical significance of 200.

A new decay mode for the 7.(15) to 1’ f0(2080) with fo(2080) — 77~ is observed
The fo(2080) mass and width are determined to be

M = [2083152 (stat.) + 32 (syst.)] MeV/c? and T' = [17875%; (stat.) + 55 (syst.)] MeV. The cross
sections for vy — o’z 7~ and 7’ f2(1270) are measured for the first time.

PACS numbers: 12.38.Qk, 13.25.Gv, 12.40.Yx, 13.66.Bc

I. INTRODUCTION

The charmonium states 7.(15) and 7.(25) play
important role in tests of quantum chromodynam-
ics (QCD) [1]. Precise measurement of their two-
photon decay widths may provide sensitive tests for
QCD models [2]. The lowest heavy-quarkonium
state 7.(15), together with the J/v, n(1S), and
T(1S), serve as benchmarks for the fine tuning of
input parameters for QCD calculations [3]. The
n(1S) and 7.(2S5) resonance parameters were mea-
sured in ¢ (25) radiative decay by BESIII, and in B
decay and two-photon production by BaBar, Belle
and CLEO [4-9]. CLEO made the first measure-
ment of the 7.(25) two-photon decay width I, via
K2K*7~ but observed no signal for the n.(25) —
n'mtn~ decay [9]. They measured the ratio of the
product of 'y, and B(KSK T7~) for n.(25) to that
for n.(15), as well as Iy, for n.(1S). Assuming equal
B for the 1.(1S) and 7.(25) decays, the two-photon
width I, for n.(25) is estimated to be (1.3 + 0.6)
keV. On the other hand, the assumption of equal B
for n.(1S) and n.(2S) seems implausible since the
value of B(n.(2S) — KKn) = (1.94+04+1.1)%
measured by BaBar [10] is far from the world-average
value of B(n.(18) — KKn) = (7.3 +£0.5)%.

Using 637 fb~! of data, Belle reported the mea-
surement in two-photon fusion of the 7.(1S5) reso-
nance parameters using its decays to n'mt7w~ with
n' — nprTx~ [11]. The above considerations moti-
vate an updated measurement of 7.(1S) parameters
using the full 941 fb~! Belle data set, and, addition-

* Also at University of Chinese Academy of Sciences.

ally, an attempt to measure I'y, for 7.(25) in or-
der 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 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%in?@) dependence for a charged-meson pair,
and a 1/W1Y dependence and model-dependent an-
gular distribution for a neutral-meson pair. Here,
0 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 de-
pendence and predicts a 1 /sin49 angular distribu-
tion for both charged- and neutral-meson pairs for
large WW. The Belle results for the cross sections [22]
show that the angular distributions for the charged-
meson pairs, 7y — 7 7, KTK™, agree well with
the 1/sin*@ expectation, while those for the neutral-
meson pairs, vy — 707, K3K Y, nr® and nn, exhibit
more complicated angular behavior. The measured
exponent n in the energy dependence 1/W™ for both
charged- and neutral-meson pairs is found to lie be-
tween 7.3 and 11 with a relative error of 7-20%.
Further study with improved precision in both ex-
periment and QCD predictions at higher W mass
would provide more sensitive comparisons. There is
no specific QCD prediction for the two-photon pro-
duction of either the pseudoscalar-tensor meson pair
1’ f2(1270) or the three-body final state /77 ~. 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.(15) parameters with the full Belle data
sample of 941 fb~1, the observation of an 7.(25) sig-
nal with its decays to n’m+ 7~ for the first time, the
measurement of the product of the two-photon width
of 7.(2S) and its branching fraction to n'mt7~,
and the measurement of non-resonant production of
n'mTr~ with ' — nn T~ decay via two-photon col-
lisions.

II. DETECTOR AND MONTE CARLO
SIMULATION

The Belle detector is a large-solid-angle magnetic
spectrometer that consists of a silicon vertex detec-
tor, 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 calorimeter (ECL) comprised
of CsI(T1) 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 instru-
mented to detect K? mesons and to identify muons.
The detector is described in detail elsewhere [23].

We generate the two-photon process vy —
n'mTr~ using the TREPS code [24], where the 1’ de-
cays generically according to JETSET?7.3 [25]. A dis-
tribution uniform in phase space is assumed for the
ne(1S) and 7.(2S) decays to the n’7t 7~ final state.
The GEANT3-based [26] simulation package that in-
corporates the trigger conditions is employed for the
propagation of the generated particles through the
Belle detector.

IIT. DATA AND EVENT SELECTION

We use two data samples. The first is collected
at the Y(45) resonance (y/s = 10.58 GeV) and 60
MeV below it with integrated luminosity Lintas =
792 fb~!, while the other is recorded near the Y (55)
resonance (/s = 10.88 GeV) with Lin 55 = 149 fb~1.
When combining the data in this analysis, a slight
dependence of the two-photon cross section on eTe™
center-of-mass energy is taken into account, as de-
scribed in Sec. IV.

Two n' decay modes, i — nrntn~ with n — v~
and i’ — 7p including non-resonant 77~ (denoted
as nmm and vp, respectively), are included in the
reconstruction of the 1’ meson in the n'7+ 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 clus-
ters in the ECL that have an energy deposit greater
than 100 MeV and are unmatched with any charged
tracks. To suppress background photons from 70 (7°
or 1) decays for the nmm (yp) mode, any photon that,
in combination with another photon in the event has
an invariant mass within the 7° (7% or n) window
| M.y —mqo| < 0.018 GeV/c? (| My — myo| < 0.020
GeV/c? or [M.,, —m,| < 0.024 GeV/c?) is excluded.
Events with an identified kaon (K* or K — 7 77)
or proton are vetoed. Charged pion, kaon and pro-
ton identification strategies and criteria for the both
nmw and vp modes, as well as the event selection cri-
teria for the nwm mode, are the same as those used
in Ref. [11] except for the requirement on the trans-
verse momentum |Yp;| (see Sec. III B). Here, |Zpj]|
is the absolute value of the vector sum of the trans-
verse momenta of the n', 7%, and 7~ in the eTe™
center-of-mass system. To improve the momentum
resolution of the 7, two separate fits to the ' are
applied, one with a constrained vertex and the other
with a constrained mass.

For the nmm mode, the n is reconstructed via its
two-photon decay mode, where the two-photon in-
variant mass is in the window M., € [0.524, 0.572]
GeV/c? (£20 of the nominal 1) mass). The 7’ candi-
date is reconstructed from the 7 candidate and the
mtw~ track pair that has an invariant mass within
M, - € [0.951, 0.963] GeV/c? (£20 of the nomi-
nal 7' mass).

For the vp mode, the event contains one photon
and two w7~ pairs. The n’ candidates are recon-
structed with one photon candidate and a p° candi-
date comprised of a 77~ pair whose invariant mass
lies within the p® signal region [M +,- — mo| <
0.18 GeV/c?. Finally, the photon and p° candidate
must satisfy M,, € [0.942, 0.974] GeV/c? (20 of
the nominal " mass).

For both the nmm and vp modes, we reconstruct
n'mTr~ candidates by combining the 1’ with the
remaining 77~ pair, which must satisfy a vertex-
constrained fit. For multicandidate events, the can-
didate with the smallest x? from 7’ mass-constrained
fit is selected. For n'nT7w~ combinations with an in-
variant 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 nww
mode and 15% (9.8%) for the vp mode, from which
the correct candidate is selected 94% (98%) for the
nrr mode and 88% (89%) for the vp 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 n'nT 7~ system must satisfy Egum < 4.5 GeV
and Psym < 5.5 GeV/ec.

B. Optimization for the |Xp;| requirement

The prominent feature for the events from an
untagged two-photon process in eTe™ collisions is
that they tend to carry small transverse momen-
tum. Therefore, a |Ep}| requirement allows signif-
icant background reduction. The |Ep}| distributions
for the nmm and yp modes in the signal regions of
W € [2.90, 3.06] GeV for n.(15) and W € [3.60,
3.68] GeV for n.(25) are shown in Fig. 1.

The |Xpj| requirement for selection of the n/7 7~
candidates from both the 7.(15) and 7.(25) decays
is optimized using signal and background MC sam-
ples. The 7. signal and the background are described
by a relativistic Breit-Wigner function [see Eq. (1)
in section 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 nrm and vp modes, where s is the
N signal yield and b is background yield in the 7.
signal region. We find the best |Xp}| requirements,
which are close to each other in the two 7. mass re-
gions, to be |Xp;| < 0.15 GeV/c for the nmm mode
and |Xp;| < 0.03 GeV/c for the vp mode. We find
that these values are stable in the range of the ex-
pected signal yield based on the previous measure-
ment [11] and theoretical expectation for 7.(25)
[27].

The invariant mass distributions for the w7~
candidates for the nmm and ~yp modes are shown in
Fig. 2. In addition to the prominent 7.(15) signal,
an evident enhancement in the mass region near 3.64
GeV/c? is seen in both modes.

IV. FITTING FOR 7.(15) AND 7.(25)

The probability density function fs(W) for the res-
onance R is a Breit-Wigner function [28, 29] few (W)
convolved with a mass-resolution function Ricp af-
ter corrections for the detection efficiency €;(W') and
the two-photon luminosity function dL../dW:

AL, (W)

fs(W) = faw(W) W

€i(W) ® Ricg(W). (1)

Here, Ricp is an improved Crystal Ball (ICB) func-
tion [30]. The efficiency factor €;(W) includes the
branching fractions of ' — nrTn~ with n — ~v for
the nrm mode (i = 1) and 1/ — ~vp with p — 777~
for the yp mode (i = 2). Number of the 7.(15)
mesons produced via two-photon process is con-
strained to be equal for both modes in the simultane-
ous fit. The luminosity function is evaluated in the
Equivalent Photon Approximation (EPA) [28, 29] us-
ing TREPS [24]. The efficiency for each 1’ decay
mode is corrected for the dependence on beam en-
ergy in the YT(45) and T (5S) regions [31, 32]:

dL .55 dL .48
€45 Lint,as + €55 Lint,58 - —g / — g

Ling,a8 + Ling,58

3

(2)

where ess (€55) and dL 55/dW (dLy55/dW) are
the efficiency and two-photon luminosity functions,
respectively, at the T(4S5) [Y(55)] energy.

The product of the two-photon decay width and
the branching fraction for the R — n/r* 7~ decay is
determined as

L B(R—n'rtn™)

_ Nobs,i (3)
Ling - | fow (W) L e, (W)W

where ngps,; is the yield of decay mode 4 of the reso-
nance R in the simultaneous fit, while Ly is the inte-
grated luminosity. Identical W regions of [2.60, 3.4]
GeV/c? for 1.(1S) and [3.3, 3.8] GeV/c? for 1.(25)
are chosen in the simultaneous fit for the yield and
as the integral interval in the calculation of I'y, 5.

A. Background estimation

The background in the 77~ mass spectrum for
the R measurement is dominated by three compo-
nents: (1) non-resonant (NR) events produced via
two-photon collisions, which have the same |Xp}]| dis-
tribution as that of the R signal; (2) the i’ sideband
(n'-sdb) arises from wrong combinations of yyrt7~
(ymta™) for the nwm (yp) mode that survive the n’
selection criteria, estimated using the events in the
margins of the n’ signal in the nmm (vp) invariant-
mass distribution; (3) 7’777~ 4+ X (bany) 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].
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FIG. 1. (Color online) The |Xp;| distributions in the 7.(1S) [n.(25)] signal region for (a) [(b)] the nmm mode and (c)
[(d)] the vp mode. The solid points with error bars are data. The solid red line is the fit; the blue dashed-dot and
green dashed lines, respectively, show the signal in MC and the background in data.

-
o
)

Events / 10 MeV/c?

—
o

PR R T PR R T U T ST S N TR ST R S N N1
1.5 2 2.5 3 3.5
M@mT)[GeV/c?]

10°

Events / 10 MeV/c?

10?

10

—_
M@mT)[GeV/c?]

[
(&
n
»
(5]
w

FIG. 2. The n’7r" 7~ invariant mass distribution for the candidate events with 1’ decays to (a) 7~ and (b) p.

For the determination of the background compo-
nents, two data subsamples, one with |Xp}| < 0.15
GeV/c (0.03 GeV/c), denoted as pi-balanced, and
the other with |Xp}| € [0.17,0.2] GeV/c ([0.15,0.2]
GeV/c), denoted as p;-unbalanced, for the nrm (vp)
mode, are selected. (See Ref.  [11] for the de-
tails.) The R signal and N R component peak in the
pi-balanced sample while the n’-sdb and by, back-
grounds dominate over the signal plus NR in the
pe-unbalanced sample. For the nwm mode, the 7'-

sdb component is well estimated using the 7’ side-
band, defined by M, +.- € [0.914,0.934] GeV/c?
and € [0.98,1.00] GeV/c?. The bauy component is
determined using the events in the p;-unbalanced
sample with the 7’-sdb contribution subtracted.
Here, the assumption of the same shape in the invari-
ant mass distribution for the ba,, component in the
pe-balanced and p;-unbalanced samples is implied.
For the vp mode, the sum of n-sdb and by, is de-
termined from the events in the ps;-unbalanced sam-



ple. These two components are hard to distinguish
because of peaking background in the vp° invariant
mass distribution, caused by the large width of the
p meson and the 7’ mass-constraint fit.

The yield and shape for the two components, 7'-
sdb and bany, separated (combined) for the nrm (vp)
mode, are fixed in the simultaneous fit. The expo-
nential of a second-order polynomial is used to de-
scribe the N R component with the yield and shape
floating in the fit for both the nmm and vp modes.

B. Results of the 7.(15) and 7n.(25) fits

Simultaneous fits to the 77~ mass spectra with
the nmm and yp modes combined are performed
for both 7.(15) and 7.(25). The result on the fit
for the n.(1S5) signal and background contributions
are shown in Fig. 3. The 7.(15) mass and width
are determined to be M = 2984.6 + 0.7 MeV /c? and
I' = 30.8723 MeV, with yields of n; = 945735 for the
nrm mode and ny = 1728fgg for the vp mode.

Figure 4 shows the result on the fit for the 7.(25)
region, which results in a signal with a statistical
significance of 5.50, and yields of n; = 41J_rg for the
nmm mode and ng = 65ﬂ§ for the vp mode. The
7:(2S5) 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 statistical signif-
icance for the n.(25) signal is calculated with the
x? distribution —2In(Lo/Lmax) for Ngor degrees of
freedom. Here, L,ax and Ly are the maximum like-
lihoods of the fits with the signal yield floating and
fixed to zero, respectively, and Ngof = 2 is the differ-
ence 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.(1S5) and 1.(2S5) are cal-
culated to be ', B(n'mt7~) = (65.4 4+ 2.6) eV and
(5.6713) eV, respectively. The fit results for the
n.(15) and n.(2S) are summarized in Table I.

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 simu-
lation of the trigger conditions are evaluated to be
0.5% (0.6%) for n.(15) (n.(25)) in the vp mode, and
1.4% for both 7. mesons in the nmm mode. The

contribution to the systematic uncertainty arising
from pion identification is studied using an inclusive
D* sample. The uncertainties of pion identification
are found to be 1.8% (2.3%) in the vp mode and
1.5% (1.8%) in the nmm mode for 7.(15) [n.(29)].
The averaged values of deviations in the yield, mass,
and width between the two simultaneous fits, with
|Xp;| requirement changed by +0.01 GeV/c in the
~vp mode and by +0.02 GeV/c in the nmm mode, are
treated as systematic uncertainties.

Two methods are applied to evaluate the system-
atic uncertainty related to the uncertainty in the NR
background shape: (1) changing the mass window
size in the fit; (2) altering the fit function for the
background-shape description. The difference be-
tween the average values of the two fit yields calcu-
lated by changing the mass window width by +100
MeV/c? is regarded as systematic uncertainty: we
find 2.3% (9.0%) in the vyp mode and 2.2% (9.5%) in
the nrm mode for 1.(1S) (n.(2S5)). The contribution
to the uncertainty in the fit yield estimated by vary-
ing the order of the polynomial function is found to
be minor and thus is neglected.

The uncertainty in the determination of the 7’'-
sdb and bany backgrounds is estimated with changes
in the 7/-sdb window size by +£0.01 GeV/c?. The
resulting difference in yields is evaluated to be 2.5%
for n.(1S) and 4.8% for 1.(2S5) and is treated as the
uncertainty.

The uncertainty from the m°-veto is estimated as
the difference in efficiency with and without the 7°-
veto. The uncertainties for the 7 reconstruction effi-
ciency are studied using an inclusive n 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 ad-
ditional uncertainty of 3% in the yield determina-
tion. 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 inte-
grated luminosity (1.36%).

To examine the systematic uncertainty in the mass
measurement for the B — n’m7n~ decay, an inclu-
sive control sample of the decay D° — 'K with
Kg — w7~ is selected with a tight mass window
for . The D° mass resulting from fits to the in-
variant mass spectra of 7’ K2 is biased from its nom-
inal value by 1.26 MeV/c? (0.93 MeV /c?) in the nrr
(vp) mode. The sum of the bias and statistical er-
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FIG. 4. (Color online) The invariant mass distribution for the 7’7" 7~ candidates for (a) the nmm mode and (b) the
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is fitted signal for 77.(2S). The green dot, cyan long-dashed, and magenta dashed-dot lines are the NR, n'-sdb and
bany (bany + 1'-sdb merged into the magenta dashed-dot line for the vp mode) background components, respectively.

TABLE I. Summary of the results for the n.(15) and 7.(2S): ns is the yield; M and I' are the mass and width;
Iy, B is the product of the two-photon decay width and the branching fraction for n. — n’w"7~. The first error is
statistical and the second is systematic.

ne(15) ne(25)
Y qmtmT yp gmim
Ns 1728789 945738 65713 4173
M (MeV/c?) 2984.6 + 0.7 + 2.2 3635.1 + 3.7 £ 2.9
I' (MeV) 30.8733 +2.5 11.3 [fixed]

I,B(eV) 654+£26+69 56712411

ror in quadrature, scaled linearly to the 7. mass, is taken as the contribution of the uncertainty for the



mass scale. The uncertainty in the width determi-
nation is estimated by changing the mass resolution
by +1 MeV/c?, and is found to be 1.2 MeV/c? for
the 7.(1S5). The uncertainties for the resonance mass
and width coming from |Xp}| and background shape
are determined with the same method as that for the
I, B measurement.

Taking the yield-weighted mean of squared un-
certainty for the vp and nrt7~ modes combined
in the fits, the total systematic uncertainties in the
measurements of I'y, 3, mass and width for 7.(15)
[7.(25)] are calculated by adding the individual
mean uncertainties in quadrature.

TABLE II. Summary of systematic uncertainty contribu-
tions to the I'y, B, mass and width for n.(15), 7.(25) in
the fit with yp and nm ™7~ modes combined.

A(,,B)/(1,,B)(%)
Source Ne(1S) ne(25)
Trigger efficiency 0.9 1.0
7+ identification efficiency 1.7 2.1
|2p7| 1.5 9.8
Background shape 2.3 9.2
1-sdb and bany 2.5 4.8
7%-veto 2.4 2.2
1:(2S5) width error - 8.8
7 reconstruction efficiency 4.9
Track reconstruction efficiency 5.5
Run dependence 3
Two-photon luminosity 5
Total 10.6  19.5
AM (MeV/c?)
Mass scale 2.1 2.6
[Zp7| 0.1 1.1
Background shape 0.7 0.4
Nc(2S) width error - 0.1
Total 2.2 2.9
AT'(MeV)
Mass resolution 1.2 -
I=pi] 07 -
Background shape 2.1 -
Total 2.5 -

V. STUDY OF THE ntn~ INVARIANT
MASS DISTRIBUTION

Figure 5(a) shows the M +,— (M + .- sap) invari-
ant mass distribution for the events selected within
the 7.(185) signal window [2.90,3.06] GeV/c? (side-
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band region of [2.60,2.81]U [3.15,3.36] GeV/c?) in
the nrm mode. We do not study the 7.(15) decay to
7’ f0(2080) in the vp mode because of the background
induced by the broad p(770) width. In addition to
possible excesses at 980 MeV/c? and 1270 MeV /c?
regions, an enhancement near 1960 MeV/c? is ob-
served in the 7.(15) signal window. No such excess
near 1960 MeV/c? is seen in the 7.(19) sideband re-
gion. We label it the f;(2080), with mass and spin
to be given in this section. This structure, produced
from 7.(15) decay, is observed for the first time.

We divide the M, +,- distribution into 40 bins
of 45 MeV/c? width from 0.3 to 2.1 GeV/c®>. The
1e(1S) yields nyor and ng 4, ¢ = 1,... 40 in the signal
window of 2.9 to 3.06 GeV/c? are extracted by fit-
ting the n’m 7~ invariant mass spectra for events in
the entire range and in each of the 40 bins, respec-
tively. The unbinned extended maximum likelihood
fit is applied. The n.(1S) signal is described by the
function fs in Eq. (1) with the mass and width float-
ing in the fit for the entire-range yield but fixed to
the values determined from that fit when fitting in
each of 40 bins. The background is modeled by the
exponential of a third-order polynomial whose shape
and normalization parameters float in the fit.

To account for the low statistics in each M+,
bin, the background-component parameters are held
in common for each group of four consecutive bins.
The statistical uncertainties of both the signal and
background parameters are effectively included in
the determination of the 7.(1S) yield in each bin.
For bins 1 to 30, a mass region of 2.6 to 3.4 GeV /c?
for the M, .+, distribution is used. For bins 31 to
40, a restricted fitting mass region is used, with an
upper bound of 3.4 GeV/c? and a lower bound given
by the sum of the ' nominal mass plus the mass
value at the lower end of the bin, to account for the
kinematic limit of the 7.(1S) decay.

The M +,- distribution of the fitted 7.(1S) bin-
by-bin yields, including the 7.(1S) decays to both
two-body and three-body final states, is shown in
Fig. 5(b). A prominent peak near 1960 MeV /c? and
an expected structure at f,(980) from the 7.(15)
decays are clearly seen.

A. Result of the f,(2080) fit

Because of the large width of f,(2080) and the
kinematic limit of the 777~ mass in n.(15) —
1 f0(2080) — n'mtw~ decay, the fo(2080) signal
shape shows a steep cutoff around 2.05 GeV/c? in the
M+ - distribution. The fy(2080) from 7.(15) —
7' f0(2080) decay is described by a Breit-Wigner
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(Color online) The 7t7~ invariant mass distributions in the nmm mode: (a) black dots (red circles)

with error bars for the events selected within the 7.(1S) signal window [2.90,3.06] GeV/c? (sideband region
[2.60,2.81] U [3.15, 3.36] GeV/c?); (b) with the 7.(15) signal yield n fitted in each bin (see the text). In (b), the black
points with error bars are the bin-by-bin fitted yields, the red solid line is the composite fit to these data, the red
dashed, blue dot and magenta dashed-dot lines are the composite-fit signals for the fo(2080), f2(1270) and fo(980),
while the green long-dashed line is the background component by from 7.(1S) — n'mt 7~ decays.

function (labeled as BW) with a mass-dependent
width [34-36].

few (m;mo,To) = g(m,m”)
" p(m) ! W
(m2 —m3)2 +mar3 (£) (22)

where the Blatt-Weisskopf barrier factor is f;, = f;
=1 as the angular momenta are L = 0 for the 7.(15)
and [ = 0 for the fy(2080) [see later in this sec-
tion]; the width is I'(m) = To(p/po)(mo/m). Here,
m and m’ are reconstructed masses of the f;(2080)
and 7.(15) in the candidate event; mo and Iy are
the fo(2080) mass and width parameters, respec-
tively, to be fitted. In Eq. (4), ¢ = g(m,m’) is the
f0(2080) momentum in the 7.(15) rest frame, p(m)
is the 7 momentum in the f;(2080) rest frame, and
po = p(mo).

The quantities p(m) and g(m,m’) in the origi-
nal Blatt BW function play a role in describing the
phase-space behavior of a daughter resonance with
medium-size width from the decay of its parent res-
onance. Our study shows that an improved descrip-
tion for the decay of f;(2080), due to complications
arising from the broad width of the n.(15), is re-
quired. The improved Blatt-Weisskopf Breit-Wigner
is written as

foew(m;mo,To) = fq(m)
p(m) (5)

2 m 2’
(m2 —m3)2 +mar3 (£) (22)

X

where the variable ¢(m,m’) in Eq. (4) is replaced
with its probability density function f,(m) derived
according to well-known statistics relations [37]. The
function

mp
fFulm) = [ alom, ) g (s M T (6)
my

is the g(m,m’) variable convolved with a relativis-
tic Breit-Wigner function fpw(m'; M',T”) for n.(15)
with its nominal mass M’ and width I fixed to the
world-average values [33]. The improvement in the
description of the f,(2080) signal is verified with an
input-output check in MC from fitting the f,(2080)
signal. Taking the kinematic limit into account, the
integral interval for the 7.(15) mass m/ is defined to
be [ml, mh] = [290, 306] GeV/02 if the f0(2080)
mass m is less than (2.90 - m,,), and [my;, my] =
[m + m,y, 3.06] GeV/c? otherwise.

A composite y2-fit to the bin-by-bin 7.(15) yields
as a function of M +,- is performed to extract the
f0(980), f2(1270) and fy(2080) components. In this
fit, the fo(980) and f3(1270) yields are floating while
the respective shape parameters are fixed to the re-
sult [My, = (934.9 & 8.6) MeV/c? and 'y, = (42+17)
MeV] of the fit to the M+, 4 distribution and to
PDG [33]; the f,(2080) mass, width and yield float.
The by component captures the 7. decays to three-
body n’nT 7~ and other two-body final states, and is
described by a second-order threshold function [38]
whose area and shape float in the fit.

The fit results for the fy(980), f2(1270) and
f0(2080) components are shown in Fig. 5(b). The
f0(980) and f2(1270) yields are ng =49+ 17 and
ng, = 77755 with statistical significances of 3.10 and
2.60, respectively. The f,(2080) yield, mass and



width are determined to be ng, = 451743 with a sta-
tistical significance of 200, M = (2083753) MeV/c?
and T = (178159;) MeV. Under the assumption of
an equal rising rate of the two efficiency curves for
the 7.(1S) decays to 5’7t~ and 7' fo(2080), the
product of the two-photon decay width and branch-
ing fraction for the 7.(15) decay to 7’ f,(2080) is
T, Bne(18) — 1/ fo(2080)] = (41.5753) eV. The
upper limit of the product for 7.(1S) decays to
7' f0(980) is Ty, Bne(1S) — 7' f6(980)] < 5.6 €V at
95% C.L.

Figure 6 shows the distribution of cosfy for the
f0(2080) candidate events, which are extracted by
fitting the fy(2080) signal in each angular bin, to-
gether with MC expectations for JP¢ = 0+ and
2%, Here, Oy is the f((2080) helicity angle, i.e.,
the angle between the pion momentum and the direc-
tion of the vy c.m. system in the 77~ rest frame.
The x?/Ngot values from fitting the angular distri-
bution with a shape fixed to that obtained from MC
are 1.7 for JP¢ = 0t* and 14.8 for 2. We uti-
lize the method previously deployed by LHCb and
Belle [39, 40] to calculate the exclusion level of the
JPC = 2+ hypothesis for the f;(2080) signal. Two
sets of pseudoexperiments, for each J©¢ hypothesis
(0T*, 2%%) containing 1000 angular distributions,
are generated with their shapes determined from the
corresponding MC distributions. These angular dis-
tributions, each having the same yields as for the fit-
ted fo(2080) signal in data, are fitted with the JZ'¢
= 27T and the 0™ signal-MC shapes; the likelihood
values of the fits are denoted as Lo++ and Lg++, re-
spectively. The resulting distribution of A(—2InL) =
-2(InLg++ - InLy++) is fitted to an asymmetric Gaus-
sian function. The exclusion level is characterized by
the p-value, which is the integral of the fitted asym-
metric Gaussian function of JF¢ = 2++ normalized
to 1 from the value of A(—2InL) in the fit to positive
infinity. The 07T hypothesis is favored over the 2T+
hypotheses at the exclusion level of 110.

B. Systematic uncertainties

We generate MC events for eTe™ — ete n.(19)
two-photon production with n.(1S) — 7’ f,(2080),
f0(2080) — 7t7~ decay. The invariant-mass distri-
bution of the f,(2080) is sampled with the improved
Blatt BW function in Eq. (5), which is then used to
describe the M+ - distribution for the f,(2080) sig-
nal in the fit. Differences in the f,(2080) mass and
width between the input and fitted values are cal-
culated to be 7 MeV/c? and 23 MeV, respectively,
which are treated as uncertainties caused by the fit
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FIG. 6. (Color online) The distribution of the cosine of
the helicity angle for the 777~ pair in the data (black
dots with error bars). The red solid and dashed green
lines are the MC expectations for J©¢ = 0%+ scalar and
2%+ tensor, respectively.

bias. Uncertainties coming from the fit range and the
N:(1S) signal window are determined by changing
these ranges. The effect on the f,(2080) parameters
with and without f2(1270) in the fit are determined
and used as systematic errors. The uncertainty in
the b1 background shape is estimated by a compari-
son of the fitted parameters when using third-order
threshold function. The systematic uncertainties in
the measurement of the fy(2080) mass, width and
product I'y, B are summarized in Table III.

VI. MEASUREMENTS OF THE CROSS
SECTIONS

We utilize the data sample selected in the nrw
mode to measure the non-resonant production of
n'mtr~ final states via two-photon collisions. The
cross section of ete™ — ete~h production is ex-
pressed as

Octe——ete—h — /U'yv—ﬁL(Wu |COS€*|)

% ALy, (W)
aw

where h denotes one of two hadronic final states:
n'mT ™ or 1 f2(1270). Here, 0* is the angle between
the 7 momentum and the beam direction in the v~
rest frame.

dWd|cosf*|, (7)
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TABLE III. Summary of systematic uncertainty contributions to the fo(2080) mass, width and product I'y, 5.

Source AM (MeV/c?) AT (MeV) A(T,B)/(I-,B)(%)
Fit bias 7 23 -
Fit range 3 3 0
M(ne(1S)) window - - 6
With and without f»(1270) 30 49 4
Change of b; function 8 11 1
Ne(1S) candidate selection - - 11
Total 32 55 13

The differential cross section in one W and |cosf*|
two-dimensional (2D) bin is estimated with the for-
mula

doyyn (W, cos0*)
d|cosf*|

AN (W, cost*)/e( W, cosf*)

Lintﬂ%vyv)AWAkosOﬂ 7

(8)

where the yield AN is extracted by fitting the
|Xpf| (M(7 7)) distribution in a data subsample
sliced in each 2D bin for the vy — #'7t7n~ [yy —
7' f2(1270)] production. The efficiency e(W, cosf*) is
evaluated using MC events for each 2D bin.

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

Oyy—n(W) =
doyy—n(W, cosf*) .
Z dcost] Alcosf*|. 9)
Alcost*|

A. Cross sections of vy — n'7t7~ (including
1’ f2(1270))

We divide the W distribution between 1.40 and
3.80 GeV into 35 bins and the |cosf*| 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 |cos6*|
are listed in the Table IV. Detection efficiencies as a
function of W and |cosf*| are shown in Fig. 7. The
yield AN in Eq. (8) is extracted by fitting the |Ep}|
distribution in data for each 2D bin. For the fit, the
signal shape in MC is fixed, the n’-sdb background
in data is normalized and fixed, and the ba,, back-
ground is described by a third-order polynomial with

its constant term fixed at 0 and the other parameters
floating.

TABLE IV. Defined bin size and total number of bins in
W and |cosf*| in individual W ranges.

W [GeV] |AW X Npins [GeV]|Alcost*| X Nbins
1.40 — 1.66 0.26 x 1 0.1 x 10
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 0.2x5
3.08 — 3.40 0.16 x 2 0.2 x5
3.40 — 3.80 0.20 x 2 0.2 x5

A background arising from 1" — 7p decays in the
candidate events of the nmm mode is studied using
the MC sample. One photon and four charged-pion
tracks in the MC event, produced for the p mode,
plus a fake photon, is wrongly chosen as an 7’7 7~
combinatorial candidate for the nmm 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 ap-
pears as a background component because of the ad-
ditional fake photon in the event; it is estimated us-
ing the pre-measured cross section for yy — n'm 7~
in data for the nmm mode and is found to be small.
The measured cross section for vy — /77~ for the
nmm mode after subtraction of this small contamina-
tion is shown in Fig. 8.

B. Result for the vy — 1’ f2(1270) cross section
measurement

To calculate the cross section for the vy —
7' f2(1270) production, we divide W into 16 bins
from 2.26 to 3.80 GeV, and |cosf*| into 10 and 5 bins
(0 < |cosf*| < 1) for the regions of W € [2.26,2.62)
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FIG. 7. Detection efficiency e as function of W and |cosf*| for vy — n’m"n~ with 77~ mode in the regions of (a)

W € [1.40,2.66) GeV and (b) W € [2.66,3.80] GeV.
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FIG. 8. Measured cross section of vy — n'm "7~ (includ-
ing 1’ f2(1270)) for the nmm mode.

GeV and [2.62,3.80] GeV, respectively. The effi-
ciency € in each 2D bin, evaluated using signal MC
events for vy — 7' f2(1270) with phase-space distri-
bution, is shown in Fig. 9.

The yield AN of f2(1270) in Eq. (8) is extracted
by fitting the invariant mass spectrum of 7+ 7~ for
the f2(1270) signal using the data subsample in each
2D bin. A broad f3(1270) signal in the W region
from 2.26 to 2.62 GeV near threshold is described
by a D-wave Breit-Wigner function

1 5
fBW - (W2 _ M2)2M2 +M2F2qp bl

(10)

where M and I' are the f3(1270) mass and width.
The g and p momentum variables are, respectively, of
the f2(1270) in the v rest frame and of the 7 meson
from the f3(1270) decay in the f2(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
7t~ invariant mass spectrum for the f2(1270) us-
ing events in the full range of W (|cos#*| < 1). The

f2(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 7’-sdb background in the
fits. The combinatorial background, including non-
f2(1270) and bany events, is described by a fourth-
order polynomial with its parameters fixed to the
values extracted from f(1270) fit for each W bin.

TABLE V. Measured cross sections as a function of W
within |cosf*| < 1 for vy — 7' f2(1270) in the 7w mode.
The first error is statistical and the second is systematic.

W(GeV) o(yy — 1’ f2(1270)) (nb)
2.26 — 2.30 0.58 £ 0.05 £ 0.11
2.30 — 2.34 0.58 £ 0.05 £ 0.11
2.34 —2.38 0.495 £ 0.059 £+ 0.091
2.38 —2.42  0.457 £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 £ 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 W-dependent cross section for vy —
7' f2(1270) in the nmm mode, calculated with
Eq. (8), is shown in Fig. 10 and listed in Ta-
ble V. The differential cross sections in |cosf*|,

averaged over W bins in the three ranges
W € [2.26,2.50), [2.50,2.62),[2.62,3.80] GeV, are
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FIG. 9. Detection efficiency € as function of W and |cosf*| for vy — 1’ f2(1270) in the n7wm mode in the W ranges of

(a) [2.26, 2.62) GeV and (b) [2.62, 3.80] GeV.
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FIG. 10. (Color online) Measured cross sections for vy — 7’ f2(1270). The black dots with statistical error bars are
the data within (a) |cos@*| < 1 and (b) |cosf*| < 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).

given in Fig. 11.

We assume that the W and 6* dependencies
of the differential cross section follow the power
law ¢ o 1/W™ - sin®6*, which is the same as
that for pseudoscalar meson pairs in the Belle data
and the QCD predictions [22]. In a fit to the
measured cross sections for vy — 7' f2(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
|cosf*| € [0.0,0.8] (€ [0.0,0.6]). The differential
cross sections in |cosf*| 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 sec-
tions is seen in the range of W < 2.50 GeV with
markedly lower power for sinf* of o < 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 vy — /7" 7~ (excluding
n' f2(1270)) cross sections

In the left plot of Fig. 12, the measured W-
dependent cross sections of vy — 1’ f2(1270) and
vy = n'mt 1~ [including 1’ f2(1270)] production are
shown. The former is obtained by fitting the 77~
invariant mass spectrum for the f2(1270) signal and
the latter is extracted in fitting the |Xp;| distribu-
tion for the n'mT 7w~ signal. Taking the difference
between the two yields in each 2D bin in data as
input, the cross sections of vy — n/7T7~ produc-
tion without the 7’ f2(1270) contribution for the nrm
mode are calculated and shown in the right plot of
Fig. 12 and summarized in Table VI. Two peaking
structures are evident. The one around 1.8 GeV
likely arises from the n(1760) and X (1835) decays
to n’7tn~ [11] and the other around 2.15 GeV is
possibly due to vy — X (2100) — 7’ fo(980) produc-
tion. The 7.(1S) contribution near 2.98 GeV has
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Fig 11. (Color online) Cross sections of vy — 7’ f2(1270) in |cosf*| in three W regions from 2.26 to 3.80 GeV. The
normalizer oy is the total cross section in the |cosf*| < 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.

been subtracted. A larger data sample is necessary
in order to understand these two structures in more
detail.

The differential cross section in |cos#*| for vy —
n’'mtr~ production after subtracting both contribu-
tions from vy — 7' f2(1270) in the W region above
2.26 GeV and 7.(15) in the region of W € [2.62, 3.06]
GeV is shown in Fig. 13. Nearly flat distribu-
tions 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 colli-
sions. Both the peaking structures [yy — n(1760)
or X(1835) — n/7t7~ and vy — X(2100) —
n f0(980) — 1’7t n~] follow a uniform angular dis-
tribution; thus, there is no distortion with or without
their contribution in the resulting angular distribu-
tion in Fig. 13.

D. Systematic uncertainty

Systematic uncertainties arising from the pion
identification, 7-veto and 7’-sdb background in
measurements of the cross sections for both vy —
n'mTr~ and vy — 7' f2(1270) production are esti-

mated in each 2D bin, using a method similar to
that in the determination of the product of two-
photon width and branching fraction for the final
state, I'y,B. Uncertainty in the trigger efliciency is
calculated to be 1.2-6.7% for the nrm mode. The
uncertainty in the determination of the b,,, back-
ground shape is estimated by changing each parame-
ter by +10 in the fit, and the difference in yields with
and without this change in each parameter, added
in quadrature, is taken as its contribution to the
systematic uncertainty. We study the non-n’ events
with the same final state of vy — yrmam in MC. We
see that these non-n’ events with a wrong combi-
nation of v, surviving the n’rm selection criteria,
have a peaking feature in the |Xp}| distribution in
the 7’ signal window. The contribution from non-7’
is regarded as a lower systematic uncertainty of the
cross section. The systematic uncertainties in the
measurements of the cross sections are summarized
in Table VII.

VII. SUMMARY AND DISCUSSIONS

The 7.(15), 1n.(2S), and non-resonant production
of the /7T~ final state via two-photon collisions
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are measured. The results for the yields, masses, and
widths, as well as the product decay widths are sum-
marized in Table I for the 7.(15) and 7.(25). The
differential cross sections for the non-resonant states
of two-body 7’ f2(1270) with f5(1270) — 77~ and
three-body n'n 7~ [excluding n’ f2(1270)] in the nmw
mode are shown in Tables V and VI and Figs. 10-13.

The 7.(1S) mass
be M = (2984.6 + 0.7 +2.2)

and width are measured

to MeV/c?  and

I = (30.8753 +2.5) MeV, and are consistent with
the world-average values [33]. The directly measured
product of the two-photon width and branching
fraction for 7.(15) decay to n’m T 7~ is determined to
be L' B(n.(1S) = n'mtr~) = (65.4 £2.6 £6.9) eV.
By employing the full T(4S5) and T(5S5) data sam-
ples (941 fb~!) and an additional decay mode for the
17’ = ~yp, the results for the 7.(15) mass, width and
product of its decay width in this measurement are
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TABLE VI. Measured cross sections for vy — n'7 7~ after subtracting contributions from vy — n' f2(1270) in the
W region above 2.26 GeV and 7.(1S5) 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'mtn") (nb) W(GeV) o(yy — n'mTn~) (nb)

1.40 - 1.66  0.315 +0.0647055C
1.66 — 1.74  0.689 + 0.07470 55
1.74 - 182 1.0140.107912
1.82 - 1.86  0.77 +0.0979-9
1.86 — 1.90  0.69 +0.0975:98
1.90 ~ 1.94 0.661 + 0.0827057%
1.94 -1.98  0.62+0.087597
1.98 —2.02  0.58 +0.060"0 553
2.02 - 2.06 0.552 +0.07275:057
2.06 -~ 2.10  0.70 £ 0.075%
2.10 - 2.14  0.85+0.087593
2.14 - 218  0.714+0.07159%
2.18 - 222 0.92+0.07751°
2.22 226  0.86+0.07751°
2.26 —2.30  0.40+0.107558

2.30 - 234 0.52+0.117970
2.34 -238  0.53+0.117515
2.38 - 242  0.58+0.1075 11
2.42 - 246  0.45+0.107599
2.46 —2.50  0.64+0.11707]
2.50 — 2.54  0.40 +0.107507
2.54 - 2.58  0.59+0.1015 11
2.58 ~2.62  0.42+0.097599
2.62 - 2.66  0.3740.087957
2.66 —2.72  0.30 &+ 0.0775¢
2.72 - 2.78  0.20+0.077593
2.78 - 2.84  0.17+0.0775%3
2.84 —2.90 0.085 4 0.07175:9:2

3.06 — 3.80 0.081 4+ 0.02175:93}

TABLE VII. Summary of systematic uncertainties in the
differential cross section measurement.

Source n'mm (%) n' f2(1270) (%)
Trigger efficiency 1.2-6.7 1.2-1.4
Background shape 0.6-6.5 12-21
n'-sdb and bany 0.6-6.6 1.6-2.1
m°-veto 2.7-4.4 2.9-3.7
7+ identification efficiency 0.6-1.9 0.8-1.8
non-7n’ 2.0-21 -
1 reconstruction efficiency 4.9
Track reconstruction efficiency 5.5
Two-photon luminosity 5
Run dependence 3

obtained with improved statistical errors, and thus
supersede our previous measurement using a 673
fb~! data sample [11]. With the world-average value
of T'y(ne(15))= (5.1+0.4) keV [33] as input, the
branching fraction is calculated to be B(n.(1S) —
Wt )= [12.8 + 0.5(stat.) + 1.4(syst.) + 1.0(PDG)]
%1073, where the third error is due to the 7.(15)
two-photon decay width.

A new decay mode for the n.(1S) — 7’ f,(2080)
with fo(2080) — 77~ is observed with a statistical
significance of 200. The f;(2080) mass and width are
determined to be M = [2083733(stat.) + 32(syst.)]

MeV/c? and T' = (178199 +55) MeV. The prod-
uct of the two-photon decay width and branch-
ing fraction for the 7.(1S5) decay to 7' f,(2080)
is calculated to be T'y4B[n.(1S) — 7' fo(2080)]
= [41.5752(stat.) + 5.4(syst.)] eV. Using the result
T B(n.(1S) — n'atr—) = (65.4%£2.6+6.9) eV |,
we obtain the branching-fraction ratio

B(n:(15) = ' fo(2080))
B(ne(18) = n/m*tx— (incl. f,(2080)))

Ry = (11)

of (63.575% + 4.8)%; the systematic uncertainty of
the 7.(15) candidate selection cancels in the ratio.
Using our measurement of cosfy.;, we find that the
assignment of JX¢ = 0FF with x2/Ngot = 1.7 is
favored for the fy(2080) while the 2+ hypotheses
is excluded at the level of 11¢0. The measured val-
ues of the fy(2080) mass, width and J¥¢ are con-
sistent with that for the scalar meson f,(2100) ob-
served previously but not yet well established [33].
The f,(2080) properties, as well as its nature, needs
to be explored further with more data.

We also report the first observation of 7.(25) —
n'mTr~, with a significance of 5.5¢ including
the systematic error. We measure the mass
of the 7.(25) to be M = (3635.14 3.7+ 2.9)
MeV/c?, which is consistent with the world-
average value [33], and the product of two-photon
width and branching fraction to n'mT7~ to be
[y B(ne(28) — n/'ntn) = (56777 £ 1.1) eV.
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TABLE VIII. Comparison of the I'y,B for n.(15) and 7.(2S) decays by CLEO, Belle, and BaBar, along with the

ratio R(nc(2S5)/n.(19)) =

B for n.(15) and 7.(2S) decays.

(T (1e(25))B(1e(25))) /(T4 (

is estimated using the world-average value of I', (1.(15)

ne(1
) =

)
S))B(nc(1S))). The two-photon decay width Iy~ (1:(25)
(5.1 £ 0.4) keV as input under the assumption of equal

Final state I'y4B for n.(1S5) T'y,B for n.(2S)

R(1c(25)/nc(15))

'y (nc(25)) Reference

(eV) (eV) (x1072) (keV)
KK 7~ - - I8S+5+2 002 +0.28 [9 CLEO 2004
KKm 386 £ 8 £ 21 41 £4+6 10.6 £ 2.0 0.54 £ 0.11 [6] BaBar 2011
n'ntn” 654 +£26+69 56+ 1.2+ 1.1 8.6 = 2.6 0.44 £ 0.13 This, Belle
QCD 1.8 - 5.7 [12-17] 1992 - 2005
[41] 2008
In fact, the ratio of the two products of two-photon ~ I'y(7.(25))= (1.3 £ 0.6) keV by CLEO [9], which

decay width and branching fraction for the 7.(15)
and 7.(25),

FV’Y(TIC(2S))B(”C(2S))
FV’Y(nc(ls))B(nc(ls)) 7

is a quantity directly measured in experiments. The
7.(15) and 7.(25) mesons in the measurements are
all produced via two-photon process, and the dom-
inant contributions to the systematic uncertainty
in either product alone, such as those for the two-
photon luminosity and reconstruction efficiencies of
n and charged pion tracks, cancel almost completely
in this ratio. As shown in Table VIII, the R values
from the two observations—one by BaBar [6] with
K K and the other by this analysis with n/7+7~—
are measured to be R = (10.6 & 2.0) x 1072 and
(8.6 & 2.6) x 1072, respectively. They are consis-
tent with each other, while a third measurement with
large uncertainty by CLEO [9] is compatible with the
former. It implies that the assumption of approxi-
mate equality of the branching fractions for 7.(15)
and 7.(25) to a specific final state,

R =

(12)

_ B(0.(28) = KKx)
= Bn.(1S) = KKn)’

(13)

is reasonable within the errors. Here, the system-
atic uncertainty contributions in the R values [and
thus the ratio of branching fractions for 7.(1S) and
7:(25) decays in Eq. (13)] are conservatively esti-
mated, since their cancellation effect in determina-
tion of the ratio R errors is not subtracted yet.
Under the assumption of equal branching frac-
tions for n.(1S) and 7.(25) decay, the two-
photon decay width for 7.(25) is determined to be

lies at the lower bound of the QCD predictions [12—
17]. The resulting I, (n.(2S5)) value, derived from
this work, is less than half of CLEO’s (see Ta-
ble VIIT). On the other hand, the measured un-
equal branching fractions for 7.(15) and 7.(25) de-
cays to K K, albeit with good precision for the for-
mer [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
nc(25) decays to KK Tn~ (nm™m~) or B decays to
Kn.(25) would be able to clarify the discrepancy in
the two-photon decay width of 7.(25) between data
and QCD predictions.

The cross sections of vy — 7 f2(1270) and vy —
n'mTr~ [excluding 7' f2(1270)] in nntw~ mode are
measured. Under the assumption of the power law
dependence ¢ o 1/(W™ - sin®6*) for pseudoscalar
tensor meson pair production, the fitted index n =
7.5 £ 2.0 (for |cosf*| < 0.6) shows that the cross
section of the vy — 7 f2(1270) production with n’
scattering at large angles in the vy rest system be-
haves 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 pseu-
doscalar 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 compatible
with that for 7979 and n7° 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.(15), n.(2S) and non-resonant
1wt~ production via two-photon collisions is mea-
sured. We report the first observations of the sig-



nals for 7.(15) decays to 1’ fo(2080) with f,(2080) —
7T~ and 1.(25) decays to n’mt7~, the measured
products of the two-photon decay width and the
branching fraction for the 7.(1S5) and 7.(2S) decays
to n’nt7~, and the measurement of non-resonant
production of two-body 7’ f2(1270) and three-body
n'm T~ final states via two-photon collisions.
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