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The differential cross section for the process �� ! ��0 has been measured in the kinematic range

0:84 GeV<W < 4:0 GeV, j cos��j< 0:8, whereW and �� are the energy and �0 (or �) scattering angle,

respectively, in the �� center-of-mass system. The results are based on a 223 fb�1 data sample collected

with the Belle detector at the KEKB eþe� collider. Clear peaks due to the a0ð980Þ and a2ð1320Þ are
visible. The differential cross sections are fitted in the energy region 0:9 GeV<W < 1:46 GeV to obtain

the parameters of the a0ð980Þ. Its mass, width and ���Bð��0Þ are measured to be 982:3þ0:6þ3:1
�0:7�4:7 MeV=c2,

75:6� 1:6þ17:4�10:0 MeV and 128þ3þ502
�2�43 eV, respectively. The energy and angular dependences above

3.1 GeV are compared with those measured in the �0�0 channel. The integrated cross section over

j cos��j< 0:8 has a W�n dependence with n ¼ 10:5� 1:2� 0:5, which is slightly larger than that for

�0�0. The differential cross sections show a sin�4�� dependence similar to �� ! �0�0. The measured

cross section ratio, �ð��0Þ=�ð�0�0Þ ¼ 0:48� 0:05� 0:04, is consistent with a QCD-based prediction.

DOI: 10.1103/PhysRevD.80.032001 PACS numbers: 13.60.Le, 13.66.Bc, 14.40.Cs, 14.40.Gx

I. INTRODUCTION

Measurements of exclusive hadronic final states in two-
photon collisions provide valuable information concerning
physics of light and heavy-quark resonances, perturbative
and nonperturbative QCD and hadron-production mecha-
nisms. So far, we have measured the production cross
sections for charged-pion pairs [1–3], charged and
neutral-kaon pairs [3–5], and proton-antiproton pairs [6].
We have also analyzed D-meson-pair production and ob-
serve a new charmonium state identified as the �c2ð2PÞ [7].
In addition, we have measured the �0�0 final state [8,9].
The statistics of these measurements is 2 to 3 orders of
magnitude higher than pre-B-factory measurements [10],
opening a new era in studies of two-photon physics.

In this paper, we report measurements of the differential
cross sections, d�=dj cos��j, for the process �� ! ��0 in
a wide two-photon center-of-mass (c.m.) energy (W) range
from 0.84 GeV to 4.0 GeV and in the c.m. angular range,
j cos��j � 0:8. We use only the � ! �� and �0 ! ��
decay modes in this analysis. The decay mode � !
�þ���0 is not used because of a much lower product of
efficiency and branching fraction.

Previously, it was reported that this reaction is domi-
nated by resonance production [11]. We can restrict the
IGJPC quantum numbers of the meson produced by two
photons to be 1�ðevenÞþþ, that is, those of aJ¼even mesons.
A long-standing puzzle in QCD is the existence and struc-
ture of low mass scalar mesons. In the I ¼ 0 sector, we
recently observed a peak for the f0ð980Þ in both the �� !
�þ�� and �� ! �0�0 channels [1,8]. The two-photon
width of the f0ð980Þ is measured to be 200–300 eV, sup-
porting its q2 �q2 nature [12]. Our analysis also suggests the

existence of another f0 meson in the 1.2–1.5 GeV region
that couples with two photons [8]. In the I ¼ 1 sector, the
a0ð980Þ and a2ð1320Þ have been observed previously with
a rather low statistical significance [11,13]. The parameters
for the a0ð980Þ, in particular, its two-photon width are of
great interest because of its connection to the nature of low
mass scalar mesons. Moreover, other scalar or tensor aJ
mesons can be searched for in the higher mass region
above the prominent peak from the a2ð1320Þ.
If there were an I ¼ 1 ‘‘hidden-charm’’ (that is, char-

moniumlike) meson, it could be a very strong candidate for
an exotic state, because charmonia have I ¼ 0 and isospin
is conserved in their hadronic decays. However, recently,
some new particles that are not pure I ¼ 0, such as the
Xð3872Þ [14] and Zð4430Þ [15], have been reported.
At higher energies (W > 2:4 GeV), we can invoke a

quark model. In leading-order calculations, the ratio of
the ��0 cross section to that of �0�0 is predicted within
uncertainties due to the different form factors for the �0

and �. Analyses of energy and angular distributions of
these cross sections are essential to determine properties
of the observed resonances and to test the validity of QCD-
based models [16,17].
This paper is organized as follows. In Sec. II, the ex-

perimental apparatus used and the event selection are
described. Section III explains background subtraction
and derivation of the differential cross sections. In
Sec. IV the resonance parameters of the a0ð980Þ are de-
rived by parametrizing partial wave amplitudes with reso-
nances and smooth nonresonant background amplitudes
and fitting differential cross sections. Section V describes
analyses at higher energy. The topics included there are the
angular dependence of differential cross sections, the W
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dependence of the total cross section, and the ratio of cross
sections for ��0 to �0�0 production. Finally, Sec. VI
summarizes the results and presents the conclusion of
this paper.

II. EXPERIMENTAL APPARATUS AND EVENT
SELECTION

Events consisting only of neutral final states are ex-
tracted from the data collected in the Belle experiment.
In this section, the Belle detector and event selection
procedure are described.

A. Experimental apparatus

A comprehensive description of the Belle detector is
given elsewhere [18]. We mention here only those detector
components that are essential for the present measurement.
Charged tracks are reconstructed from hit information in
the silicon vertex detector and the central drift chamber
(CDC) located in a uniform 1.5 T solenoidal magnetic
field. The detector solenoid is oriented along the z axis,
which points in the direction opposite to that of the posi-
tron beam. Photon detection and energy measurements are
performed with a CsI(Tl) electromagnetic calorimeter
(ECL).

For this all-neutral final state, we require that there be no
reconstructed tracks coming from the vicinity of the nomi-
nal collision point. Therefore, the CDC is used for vetoing
events with charged track(s). The photons from decays of
the neutral pion and the � meson are detected and their
momentum vectors are measured by the ECL. The ECL is
also used to trigger signal events. Two kinds of the ECL
trigger are used to select events of interest: the ECL total
energy deposit in the triggerable acceptance region (see the
next subsection) is greater than 1.15 GeV (the ‘‘HiE’’
trigger), or the number of ECL clusters counted according
to the energy threshold at 110 MeV for segments of the
ECL is four or larger (the ‘‘Clst4’’ trigger). The above
energy thresholds are determined by studying the correla-
tions between the two triggers in the experimental data. No
software filtering is applied for triggering events by either
or both of the two ECL triggers.

B. Experimental data and data filtering

We use a 223 fb�1 data sample from the Belle experi-
ment at the KEKB asymmetric-energy eþe� collider [19].
The data were recorded at several eþe� c.m. energies
summarized in Table I. The difference of the luminosity
functions (two-photon flux per eþe�-beam luminosity) in
the measured W regions due to the difference of the beam
energies is small (maximum �4%). We combine the re-
sults from the different beam energies. The effect on the
cross section is less than 0.5%.

The analysis is carried out in the ‘‘zero-tag’’ mode,
where neither the recoil electron nor positron are detected.

We restrict the virtuality of the incident photons to be small
by imposing a strict requirement on the transverse-
momentum balance with respect to the beam axis for the
final-state hadronic system.
The filtered data sample (‘‘Neutral Skim’’) used for this

analysis is the same as the one used for �0�0 studies [8,9].
The important criteria in this filtering are: no good tracks;
two or more photons or one or more neutral pions that
satisfy a specified energy or transverse-momentum crite-
rion. Performance of the ECL triggers is studied in detail
using the �0�0 events [8].

C. Event selection

From the Neutral Skim event sample, we select �� !
��0 with the following conditions:
(1) the total energy deposit in ECL is smaller than

5.7 GeV;
(2) there are exactly four photons in the ECL each

having energy larger than 100 MeV;
(3) the ECL energy sum within the triggerable region is

larger than 1.25 GeV, or, all the four photons are
within the triggerable region, i.e. in the polar-angle
range, �0:6255< cos� <þ0:9563, in the labora-
tory frame;

(4) a combination of two photons is reconstructed as a
neutral pion that satisfies the following conditions
on invariant mass, jMð��Þ � 0:1350 GeV=c2j<
0:0200 GeV=c2, transverse momentum ptð�0Þ>
0:15 GeV=c and goodness of the mass-constrained
fit �2 < 9;

(5) the combination of the remaining two photons has
an invariant mass consistent with � ! ��,
0:51 GeV=c2 <Mð��Þ< 0:57 GeV=c2. There are
three combinations of photon pairs that can be con-
structed from the four photons, and all the combi-
nations are tried and any of them satisfying the
above criteria are retained. We scale the energy of
the two photons in (5) with a factor that is the ratio
of the nominal � mass to the reconstructed mass.
This is equivalent to an approximate 1-C mass con-
straint fit where the relative energy resolution
(�E=E) is independent of E and the resolution in
the angle measurement is much better than that of
the energy. The present case is close to this. After

TABLE I. Data sample: luminosities and energies.

eþe� c.m. energy Luminosity Runs

(GeV) (fb�1)

10.58 179 �ð4SÞ
10.52 19 continuum

10.36 2.9 �ð3SÞ
10.30 0.3 continuum

10.86 21.7 �ð5SÞ
Total 223
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scaling the �’s four-momentum, we calculate the
invariant-mass (W) and the transverse-momentum
(j�p�

t j) in the eþe� c.m. frame for the ��0 system.
(6) The transverse momentum is required to be less than

0:05 GeV=c.
We define the c.m. scattering angle, ��, as the scattering

angle of the �0 (or equivalently, of the �) in the �� c.m.
frame, for each event. We use an approximation that the
eþe� axis is the reference for this polar angle as (since we
do not know the exact �� axis in the zero-tag condition).

Signal and background events for eþe� ! eþe���0

are generated using the TREPS code [20]. All
Monte Carlo (MC) events are put through the trigger and
detector simulators and the event selection program. We
find that up to 2% of events in the region below W <
1:05 GeV have two entries per event because of the mul-
tiple combinations satisfying criteria (4)–(6). The two en-
tries per event have similar W and j�p�

t j, but different

j cos��j values. The fraction with double entries is small
and is in principle compensated by the normalization using
the efficiency determined by the MC sample. We find a
similar fraction of multiple entries in the signal-MC data.
A total of 2:82� 105 events are selected from 3:53�

108 events of the Neutral Skim sample. The lego plots of
two-dimensional distributions of the selected events (after
requiring j�p�

t j< 50 MeV=c) are shown in Fig. 1. The
projected W distribution integrated over j cos��j< 0:8 is
shown in Fig. 2. We find at least three resonant structures:
near 0.98 GeV (a0ð980Þ), 1.32 GeV (a2ð1320Þ) and
1.7 GeV (probably the a2ð1700Þ).

III. DERIVING DIFFERENTIAL CROSS SECTIONS

In this section, we present the procedure to derive dif-
ferential cross sections. First, the nature and origin of
backgrounds and the method for their subtraction are de-
scribed. Unfolding is then applied, efficiencies are deter-
mined, differential cross sections are derived and their
systematic errors are estimated.

A. Background subtraction

In the entire energy range the background is primarily
from photons originated from spent electrons as identified
by unbalanced pt. At low energy there is additional back-
ground from the �0 decaying into ��0�0.

1. Background from �0 ! ��0�0

A scatter plot of pt balance vs invariant mass for the
candidate events, Fig. 3(a), shows a concentration of events
in the pt-unbalanced region in the vicinity of 0.82 GeV.
This energy is close to the mass difference between the �0
and �0, and this structure is due to the background from
�0 ! ��0�0 where two photons from one �0 are unde-
tected. Since the background is larger than the signal in the
�0 mass region, we cannot measure the cross section below
W < 0:84 GeV. Kinematically, for �0 decays the invariant
mass of the detected ��0 system cannot be greater than
0:823 GeV=c2. However, there is a rather long tail on the
higher side up to W � 0:88 GeV. This background is due
to a fake pion reconstructed from a photon with another
photon from a �0 or a noise cluster. Figure 3(b) shows that
� mesons are relatively cleanly reconstructed.
We subtract the background from primary �0s in two-

photon collisions using MC. The normalization of the
�0 ! ��0�0 background is determined using the experi-
mental data in the control region, 0:80 GeV<W <
0:84 GeV integrated over all angles and the transverse-
momentum range, j�p�

t j< 0:15 GeV=c [Fig. 4(a)]. We
assume that the signal yield is negligibly small in this W
range. The pt distribution is decomposed into the �0 back-
ground peaking near 0:05 GeV=c and the other
pt-unbalanced component by performing a fit, where we
use the signal and background functional shapes described

FIG. 1. Two-dimensional W and j cos��j distribution of the
��0 candidates in data. The same distribution is viewed from
two different directions.

FIG. 2 (color online). W distribution for ��0 candidate events
integrated over j cos��j< 0:8. The solid curve is the
pt-unbalanced background that are experimentally determined.
The dashed curve includes an additional contribution from the
�0 ! ��0�0 background.
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in the next subsection for the �0 and the latter background,
respectively. The shape parameters of the �0 component
are fixed to those obtained from the fit to the corresponding
MC data.

From the product of the two-photon decay width and the
branching fraction of the �0, ���ð�0ÞBð�0 ! ��0�0Þ, we
can estimate the absolute size of the background yield from
this source. The ratio of the observed background to the
MC expectation is 0:91� 0:02ðstatÞ � 0:09ðsystÞ �
0:06ð���BÞ, where the first two errors are experimental,

and the last error is from the uncertainty of the known �0
properties. This factor is consistent with unity.
Using the normalization thus determined and the MC

events, the background yields from this source in each
angular bin in the range 0:84 GeV<W < 0:90 GeV are
determined. This background component is incorporated in
the fit described in the next subsection with the yield and
shape fixed. We neglect the �0 background in theW region
above 0.90 GeV.

2. Subtraction of backgrounds

In the W region below 2.0 GeV, the pt-unbalanced
component is non-negligible and is subtracted by fitting
the pt distributions. The fitting function is a sum of the
signal and background components. The �0 background
estimated in the previous subsection is incorporated in the
fit with a fixed shape and size for W < 0:90 GeV [Figs. 4
(a)–4(d)].
The signal component follows an empirical parametri-

zation from signal MC:

y ¼ Ax

x2:1 þ Bþ Cx
; (1)

(x is jP p�
t j, A, B and C are fitting parameters), where the

distribution has a linear shape near x ¼ 0 and decreases as
�x�1:1 at large x. Here B is an important parameter that

determines the peak position; the peak is at x ¼ B1=2:1=1:1.
The background is parametrized by a linear function van-
ishing at x ¼ 0 in x < 50 MeV=c and a second-order
polynomial for x > 50 MeV=c connected smoothly (up
to the first derivative) at x ¼ 50 MeV=c. Fits are applied

FIG. 3. (a) Two-dimensional (W, jP p�
t j) distribution of the ��0 candidate events in the relatively low-W region. (b) Two-

dimensional distribution of the invariant mass of the two detected photons near the � mass and the pt-balance of events calculated
from the mass of four photons (before applying the mass constraints) for events with Mð��0Þ< 1:0 GeV=c2.

FIG. 4. (a): The pt distribution of the ��0 candidates at W ¼
0:80–0:84 GeV integrated over j cos��j< 0:8. The peak near
0:05 GeV=c is attributed to the background from �0 ! ��0�0

and the normalization is determined by a fit to MC events of this
process. The dashed curve shows the experimentally determined
background from the pt-unbalanced background component and
the solid curve is the sum of the two background components.
(b), (c), and (d): The pt distribution of the ��0 candidate events
in the shown kinematical regions. Estimated background yields
of the two components are shown by the curves [explained in the
caption for (a)]. The excess over the solid curve near jP p�

t j ¼ 0
corresponds to the signal process.
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for j�p�
t j< 200 MeV=c in each bin of W < 2:0 GeV and

j cos��j< 0:8 with the bin widths of 0.04 GeV and 0.1 for
the two directions, respectively.

The background yields found from the fits are fitted to a
smooth two-dimensional function of (W, j cos��j), in order
to minimize the statistical fluctuations from the MC simu-
lation. In Fig. 2, the curves corresponding to the back-
ground thus determined are shown, as well as the fixed
background from �0 decays.

The backgrounds are subtracted from the experimental
yield distribution. The �0 background estimated in the
previous subsection is also subtracted at W < 0:90 GeV.
The error arising from this background subtraction is taken
into account as a systematic error (see Sec. III E).

To confirm the validity of the background subtraction
method, we examine theW dependence of the yield ratio R
defined as:

R ¼ Yð0:15 GeV=c < jP p�
t j< 0:20 GeV=cÞ

YðjP p�
t j< 0:05 GeV=cÞ ; (2)

where Y is the yield in the specified region. We observe that
structures have similar features as those seen in the esti-
mated pt-unbalanced background (Fig. 5). There is a peak-
ing structure in the background aroundW ¼ 1:5 GeV, and
a small enhancement just above 2.0 GeV. No significant
structures are seen from 2.5 GeV up to �3:3 GeV. The
background enhancement peaking at �1:5 GeV could
come from the structure in the process �� ! ��0�0 in
the 1.7 to 2.0 GeV region, where one �0 has a small
transverse momentum and escapes detection. However,
we cannot reproduce the background precisely enough
because of the low accuracy of the existing data [21].

We observe a significant increase of R above 3.3 GeV.
Such an increase is not reproduced by the MC simulation,
where only a slow increase of R (R ¼ 0:15 at 2.0 GeVand
R ¼ 0:25 at 4.0 GeV) is expected. The excess of R, �R, is
the contribution from multibody background processes.
We apply a background subtraction with the background
contamination level estimated to be �R=6. This factor is
obtained by assuming a quasilinear jP p�

t j dependence of
the background and extracting its leakage into the signal
region (jP p�

t j< 0:05 GeV=c), which is approximately
1=6 of the yield in the 0:15 GeV=c < jP p�

t j<
0:20 GeV=c region. We take a half of the correction (i.e.
�R=12) as the systematic error from this source if this
systematic is larger than the 3% uncertainty nominally
applied for the whole region above 2.0 GeV (see the section
on systematic errors). The actual sizes of the correction
used (i.e. �R=6) in W bins are 3.8% (3.35 GeV), 8.5%
(3.65 GeV), and 13.0% (3.95 GeV), respectively. These
corrections are much smaller than the statistical errors in
these W bins.
We find that the background in the � mass sideband is

negligibly small after the subtraction of these backgrounds;
there are no pt-balanced backgrounds in the � mass side-
band of the pt-balance distribution shown in Fig. 3(b).
Therefore, we do not perform background subtraction for
the non-� component.

B. Unfolding the W distributions

We unfold the experimental yields in theW distributions
to correct for the finite invariant-mass resolution in the
measurement. The smearing function is an asymmetric
Gaussian function, which is determined by the signal MC
with a further empirical correction. The standard devia-
tions of the function are assumed to follow 1:3� ð1:4�
0:3=W2Þ% (W is in GeV, and the resolution varies by
1.3%–1.8% depending on W) on the lower side of the
peak and 0:77� ð1:4� 0:3=W2Þ% (varies by 0.8%–
1.1%) on the higher side. The resolution is slightly better
than that in the �0�0 case in the low W region, because of
the large opening angle of the two photons from � decay.
The unfolding procedure is applied for 0.9 GeV <W <

1:6 GeV with a bin width of 0.02 GeV, and for 1:6 GeV<
W < 2:4 GeV with a bin width of 0.04 GeV. The unfolding
is done independently in each angular bin, whose width is
�j cos��j ¼ 0:05 for W < 1:6 GeV and �j cos��j ¼ 0:1
for W > 1:6 GeV. Figure 6 shows the yield distributions
before and after the unfolding in the smallest j cos��j bins.
At higher energies, no unfolding is applied since the ex-
perimental yield is still insufficient.

C. Determination of the efficiency

The signal-MC events for eþe� ! eþe���0 are gen-
erated using the TREPS code [20] for the efficiency cal-
culation at 36 fixedW points between 0.75 and 4.2 GeVand
isotropically in j cos��j. The angular distribution at the

FIG. 5. Energy dependence of the ratio of the yield in the
pt-unbalanced region to that in the balanced region (see text
for the exact definition), which indicates the level of background
contamination.
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generator level does not play a role in the efficiency
determination, because we calculate the efficiencies sepa-
rately in each j cos��j bin with a width of 0.05. The Q2

max

parameter that gives a maximum virtuality of the incident
photons is set to 1:0 GeV2, and the form factor for the cross
sections for the virtual photon collisions, ���ð0; Q2Þ ¼
���ð0; 0Þ=ð1þQ2=W2Þ2 is used. This form factor does

not play any essential role in the present analysis, since
our stringent pt-balance cut (jP p�

t j< 0:05 GeV=c) re-
quires Q2=W2 for the selected events to be much smaller
than 1. A sample of 400 000 events is generated at each W
point and is subjected to the detector and trigger simula-
tions. The obtained efficiencies are fitted to a two-
dimensional function of (W, j cos��j) with an empirical
functional form.

We embed background hit patterns from random trigger
data into MC events. We find that different samples of
background hits give small variations in the selection
efficiency determination. A W-dependent error in the effi-
ciency, 2–4%, arises from the uncertainty in this effect.
Figure 7 shows the two-dimensional dependence of the
efficiency on (W, j cos��j) after the fit for smoothing.

D. Derivation of differential cross sections

The differential cross section for each (W, j cos��j) point
is given by:

d�

dj cos��j ¼
�Y ��B

�W�j cos��jRLdtL��ðWÞ� ; (3)

where �Y and �B are the signal yield and the estimated
pt-unbalanced background in the bin, �W and �j cos��j
are the bin widths,

R
Ldt and L��ðWÞ are the integrated

luminosity and two-photon luminosity function calculated
by TREPS [20], respectively, and � is the efficiency in-
cluding the correction described in the previous section.
The bin sizes for W and �j cos��j are summarized in
Table II.
Figure 8 shows the angular dependence of the differen-

tial cross sections for some selected W regions. Figure 9
show the cross section integrated over j cos��j< 0:8 on
logarithmic and linear scales for partial W regions. The
data points are in good agreement with those of Crystal
Ball [11].

FIG. 7 (color online). Two-dimensional dependence of the
efficiency on (W, j cos��j).

TABLE II. Bin sizes.

W range �W �j cos��j
(GeV) (GeV)

0.84–1.6 0.02 0.05

1.6–2.4 0.04 0.10

2.4–4.0 0.10 0.10

FIG. 6 (color online). The yield distributions before (triangles) and after (diamonds) the unfolding in the smallest j cos��j bins,
(a) j cos��j< 0:05 and (b) j cos��j< 0:1.
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E. Systematic errors

Various sources of systematic uncertainties assigned for
the ��0 signal yield, efficiency and the cross section
evaluation are described in detail below and summarized
in Table III.
Trigger efficiency: The systematic error due to the Clst4

trigger (the mnemonics of the ECL triggers were described
in Sec. II A) is taken to be 2=3 of the difference in the
efficiencies when the thresholds for the Clst4 trigger are
varied from 110 MeV to 100 MeV in the trigger simulator,
and no error is assigned for W > 2:5 GeV where the HiE
trigger plays a dominant role. In addition, we take the
uncertainty in the efficiency of the HiE trigger to be 4%
in the wholeW region. The systematic errors from the two
triggers are combined in quadrature. The former compo-
nent is approximated by an angular-independent function

FIG. 9. The cross section integrated over j cos��j< 0:8 on a
logarithmic (a) and linear (b) scale compared with the Crystal
Ball measurement (j cos��j< 0:9) [11]. The corrections for
different j cos��j coverage are not made. The dashed curve
shows the size of the systematic error.

TABLE III. Systematic errors for the differential cross sec-
tions. Ranges of errors are shown when they depend on W.

Source Error (%)

Trigger efficiency 4–30

� and �0 reconstruction efficiency 6

pt-balance cut 3

Background subtraction 3–35

Luminosity function 4–5

Overlapping hits

from beam background

2–6

Unfolding procedure 0–4

Other efficiency errors 4

Overall 10–12 (for W > 1:06 GeV)

FIG. 8 (color online). Angular dependence of the differential cross sections for eight selected W bins indicated. The bin sizes are
summarized in Table II.
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of the c.m. energy, 27%� 0:510ðW�0:85 ½GeV�Þ. This exceeds
5% for W < 1:2 GeV.

The reconstruction efficiency: we assign 6% for the
reconstruction of a �0 and an �.

pt-balance cut: 3% is assigned. The pt-balance distri-
bution for the signal is well reproduced by MC so that the
efficiency is correct to within this error.

Background subtraction: 20% of the size of the sub-
tracted component is assigned to this source for the range
0:9 GeV<W < 2:0 GeV. In the W region where the
background subtraction is not applied (W > 2:0 GeV),
we assign a systematic error of 3%, which is a conservative
upper limit on the background contamination from an
investigation of the experimental distributions. Above
3.5 GeV, the error originating from the background sub-
traction (�R=12) is larger than 3%, and we replace the
error by the latter value. In the region 0:84 GeV<W <
0:90 GeV where the �0 background is subtracted, the as-
signed error is a quadratic sum of 7% of the subtracted �0
background and 20% of the subtracted pt-unbalanced
background.

Luminosity function: We assign 4% (5%) for W <
ð>Þ3:0 GeV.

Beam-background effect for event selection: We assign a
2%–6% error depending on W for uncertainties of the
inefficiency in event selection due to beam-background
photons. The uncertainty is estimated from the variation
of efficiencies among different experimental periods or
background conditions. We adopt the averaged efficiency
from the different background files, and the uncertainty in
the average is assigned as the error.

Unfolding: Uncertainties from the unfolding procedure,
using the single value decomposition approach in
Ref. [22], are estimated by varying the effective-rank
parameter of the decomposition within reasonable bounds.

Other efficiency errors: An error of 4% is assigned for
uncertainties in the efficiency determination based on MC
including the smoothing procedure.

The total systematic error is obtained by adding all the
sources in quadrature and is 10–12% for the intermediate
and high W regions. It becomes much larger for W <
1:06 GeV.

IV. STUDY OF RESONANCES

In this section, we extract the resonance parameters of
the a0ð980Þ and a possible resonance a0ð1450Þ, as well as
check the consistency of the a2ð1320Þ parameters. We also
study whether or not the a2ð1700Þ is produced in this
reaction.

A. Formalism

The formalism is exactly the same as that for ��
[1,2,8,9] and the analysis is quite similar. In the energy
regionW � 2:0 GeV, J > 2 partial waves (the next is J ¼
4) may be neglected so that only S and D waves are to be

considered. The differential cross section can be expressed
as:

d�

d�
ð�� ! ��0Þ ¼ jSY0

0 þD0Y
0
2 j2 þ jD2Y

2
2 j2; (4)

where S represents the S wave, D0 (D2) denotes the helic-
ity 0 (2) components of the D wave, respectively, and Ym

J

are the spherical harmonics. Since the jYm
J j’s are not inde-

pendent of each other, partial waves cannot be separated
using measurements of differential cross sections alone. To
overcome this problem, we write Eq. (4) as:

d�

4�dj cos��j ð�� ! ��0Þ ¼ Ŝ2jY0
0 j2 þ D̂2

0jY0
2 j2

þ D̂2
2jY2

2 j2: (5)

The amplitudes Ŝ2, D̂2
0 and D̂2

2 correspond to the cases
where interference terms are neglected; they can be ex-
pressed in terms of S, D0 and D2 as follows [8]:

Ŝ 2 ¼ jSj2 þ ffiffiffi
5

p
ReðS�D0Þ;

D̂2
0 ¼ jD0j2 þ 1ffiffiffi

5
p ReðS�D0Þ;

D̂2
2 ¼ jD2j2 � 6ffiffiffi

5
p ReðS�D0Þ:

(6)

Since squares of spherical harmonics are independent of
each other, we can fit the differential cross section at each

W to obtain Ŝ2, D̂2
0, and D̂

2
2. The unfolded differential cross

sections are fitted by taking into account statistical errors
only, which will not be independent at each W because of
the unfolding procedure. However, we treat them as inde-

pendent in the fit. The resulting Ŝ2, D̂2
0 and D̂2

2 spectra for
W < 2 GeV are shown in Figs. 10.

B. Fitting partial wave amplitudes

Although the derived amplitudes Ŝ2, D̂2
0, and D̂2

2 are
functions of partial waves [Eq. (6)], they do give some
indication of their behavior. Notably, the D0 wave appears
to be small and the D2 wave is dominated by the a2ð1320Þ
with a hint of the a2ð1700Þ. The peak in Ŝ2 around W ¼
0:98 GeV (Fig. 10) is clearly due to the a0ð980Þ resonance
and a shoulder above the a0ð980Þ peak may be due to the
a0ð1450Þ.
In this section, we derive information about resonances

by parametrizing partial wave amplitudes and fitting dif-
ferential cross sections. Note that we do not fit the obtained

Ŝ2, D̂2
0, and D̂

2
2 spectra but fit the differential cross sections

directly. Once the functional forms of amplitudes are as-
sumed, we can use Eq. (4) to fit differential cross sections.

We can then neglect the correlations between Ŝ2, D̂2
0, and

D̂2
2. The Ŝ

2, D̂2
0, and D̂2

2 spectra are used to make an initial
determination of which resonances are important and to
check fit quality.
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The energy range of this measurement can be naturally
divided into a low energy region (W � 1:5 GeV), where
the a0ð980Þ and a2ð1320Þ are important, and a higher
energy region (W > 1:5 GeV), where the parameters of
the a2ð1700Þwill be of interest. In both regions, we neglect
J > 2 waves.

First we extract parameters of the a2ð1700Þ in the high
energy range. A hint of the a2ð1700Þ is visible in Fig. 9.
Various fits have been performed: a fit in the energy region
1:5 GeV<W < 2:0 GeV with the parameters of the
a2ð1700Þ all floated or the mass and width fixed to the
PDG values; a fit in the energy region 0:9 GeV<W <
2:0 GeV by fixing the lower energy parameters to the ones
determined below and either floating or partially fixing the
parameters of the a2ð1700Þ. The resulting parameters of the
a2ð1700Þ vary much. In addition, the fit quality is poor.
Thus, we cannot report a definite conclusion on the
a2ð1700Þ. We plan to come back to the a2ð1700Þ analysis
using a larger data sample.

In the low energy region, W < 1:5 GeV, we can safely

neglect J > 2 waves. The D̂2
0 contribution is small while

D̂2
2 is seen to be dominated by the a2ð1320Þ resonance. We

assume that the a2ð1320Þ contributes to the D2 wave only,

since D̂2
0 is small. The shoulder in the Ŝ2 spectrum above

the a0ð980Þ peak may be due to the a0ð1450Þ. However, in
this fit we introduce a new resonance a0ðYÞ instead, since
its parameters are found to be quite different from those of
the a0ð1450Þ. The goal of analysis is to obtain parameters
of the a0ð980Þ, a0ðYÞ and to check the consistency of the
a2ð1320Þ parameters that have been measured well in the
past.

1. Parametrization of amplitudes

We parametrize S, D0, and D2 waves as follows.

S ¼ Aa0ð980Þe
i�s0 þ Aa0ðYÞe

i�s1 þ BS;

D0 ¼ BD0; D2 ¼ Aa2ð1320Þe
i�d2 þ BD2;

(7)

where Aa0ð980Þ, Aa0ðYÞ, and Aa2ð1320Þ are the amplitudes of

the a0ð980Þ, a0ðYÞ, and a2ð1320Þ, respectively; BS, BD0,
and BD2 are nonresonant (called hereafter ‘‘background’’)
amplitudes for S, D0, and D2 waves; and�s0,�s1, and�d2

are the phases of resonances relative to background ampli-
tudes. We also study the case with no a0ðYÞ and the case
with the mass of the a0ðYÞ fixed to that of the a0ð1450Þ.
The background amplitudes are parametrized as follows.

BS ¼ asW
02 þ bsW

0 þ cs þ iða0sW 02 þ b0sW 0 þ c0sÞ;
BD0 ¼ a0W

02 þ b0W
0 þ c0 þ iða00W 02 þ b00W

0 þ c00Þ;
BD2 ¼ a2W

02 þ b2W
0 þ c2 þ iða02W 02 þ b02W 0 þ c02Þ:

(8)

HereW 0 ¼ W �Wth whereWth is the threshold energy. We
assume background amplitudes to be quadratic inW for the
both real and imaginary parts of all waves. In this way,
symmetries among amplitudes are kept. The arbitrary
phases are fixed by choosing�s0 ¼ �d2 ¼ 0. We constrain
all the background amplitudes to be zero at the threshold
by setting the c and c0 parameters to zero in accordance
with the expectation that the cross section vanishes at the
Thomson limit.
The relativistic Breit-Wigner resonance amplitude

ARðWÞ for a spin-J resonance R of mass mR is given by

AJ
RðWÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8�ð2J þ 1ÞmR

W

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�totðWÞ���ðWÞBð��0Þ

q
m2

R �W2 � imR�totðWÞ ;
(9)

The energy-dependent total width �totðWÞ is given by

�totðWÞ ¼ X
X

�X1X2
ðWÞ; (10)

where Xi is �, K, �, �, etc. For J ¼ 2 (the a2ð1320Þ
meson), the partial width �X1X2

ðWÞ is parametrized as [23]:

�X1X2
ðWÞ ¼ �RBðR ! X1X2Þ

�
qXðW2Þ
qXðm2

RÞ
�
5 D2ðqXðW2ÞrRÞ
D2ðqXðm2

RÞrRÞ
;

(11)

FIG. 10 (color online). Resulting spectra of Ŝ2, D̂2
0 and D̂2

2. The error bars shown are diagonal statistical errors.

S. UEHARA et al. PHYSICAL REVIEW D 80, 032001 (2009)

032001-10



where �R is the total width at the resonance mass,

qXðW2Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðW2�ðmX1

þmX2
Þ2ÞðW2�ðmX1

�mX2
Þ2Þ

q
=ð2WÞ,

D2ðxÞ¼1=ð9þ3x2þx4Þ, and rR is an effective interaction
radius that varies from 1 GeV�1 to 7 GeV�1 in different
hadronic reactions [24]. For the three-body and the other

decay modes, �3-bodyðWÞ ¼ �RBðR ! 3-bodyÞW2

m2
R

is used

instead of Eq. (11). All the parameters of the a2ð1320Þ are
fixed to the PDG values as listed in Table IV [25], except
for rR which is fitted to be 3:09þ0:53

�0:55 ðGeV=cÞ�1, consistent

with 3:62� 0:03 ðGeV=cÞ�1 determined for the f2ð1270Þ
[2]. For the a0ð980Þ and a0ðYÞ, the widths are taken to be
energy independent. For the a0ð980Þ, a simple Breit-
Wigner formula is used instead of the more sophisticated
formula used in Ref. [1,2] for the f0ð980Þ. This is because
the resonance shape appears to be symmetric with no
indication of the effect of the K �K threshold. In fact, a fit
with the formula in Ref. [1,2] gives g2

K �K
=g2�� ¼ 0þ0:03

�0 ,

where gKK (g��) is the coupling of the a0ð980Þ to K �K
(��).

2. Fitted parameters

We fit differential cross sections with the parametrized
amplitudes for the range 0:90 GeV � W � 1:46 GeV.
There are 19 parameters to be fitted. About 1000 sets of
randomly generated initial parameters are prepared and
fitted using MINUIT [26] to search for the true minimum
and to find any multiple solutions. A unique solution is
found with �2=ndf ¼ 597:6=429 ¼ 1:39 (ndf denotes the
number of degrees of freedom) for the nominal fit, which
appears in more than�3% of the cases. The fitted parame-
ters are listed in Table V. The quoted errors are MINOS

statistical errors. They are calculated from the �2 values
obtained by varying each parameter while floating all the
other parameters.
Differential cross sections together with the fitted curves

are shown in Fig. 11 for selected W bins. The fit is
reasonable as can be seen from these bins and from

Fig. 12, where the quantities Ŝ2 and D̂2
2 are reproduced

reasonably well.
The total cross section (j cos��j< 0:8) can be obtained

by integrating Eq. (5) as:

�tot ¼ 0:8Ŝ2 þ 0:457D̂2
0 þ 0:983D̂2

2; (12)

where the factors come from the integration of spherical
harmonics for j cos��j � 0:8. The measured total cross
section is in good agreement with the prediction obtained
from the sum of the fitted amplitudes as shown in Fig. 13.

TABLE IV. Parameters of the a2ð1320Þ [25].
Parameter Value Unit

Mass 1318:3� 0:6 MeV=c2

�tot 107� 5 MeV

Bða2 ! ��Þ 70:1� 2:7 %

Bða2 ! ��Þ 14:5� 1:2 %

Bða2 ! !��Þ 10:6� 3:2 %

Bða2 ! K �KÞ 4:9� 0:8 %

Bða2 ! ��Þ ð9:4� 0:7Þ � 10�6 -

1.31 GeV1.21 GeV

1.11 GeV

1.01 GeV

0.91 GeV

1.41 GeV

FIG. 11 (color online). Differential cross section
[d�=dj cos��j (nb)] (data points) and results of the fit (solid
line) for theW bins indicated. The dotted, dashed and dot-dashed
curves indicate the jSj2, 4�jD0Y

0
2 j2 and 4�jD2Y

2
2 j2 contribu-

tions, respectively.

TABLE V. Fitted parameters. The errors are statistical only.

Resonance Parameter Nominal Mða0ðYÞÞ fixed No a0ðYÞ Unit

a0ð980Þ Mass 982:3þ0:6
�0:7 982:3þ0:8

�0:7 982:3� 0:6 MeV=c2

�tot 75:6� 1:6 76:9þ1:0
�1:3 75:6þ1:4�1:3 MeV

���Bð��0Þ 128þ3
�2 558þ52

�44 642� 8 eV

a0ðYÞ Mass 1316:8þ0:7
�1:0 1474.0 (fixed) - MeV=c2

�tot 65:0þ2:1
�5:4 251þ25

�33 - MeV

���Bð��0Þ 432� 6 ð11:0þ4:4�3:3Þ � 103 0 (fixed) eV

�2=ndf 597:6=429 ¼ 1:39 704:5=430 ¼ 1:65 753:6=433 ¼ 1:74
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So far we have used the measured parameter values for
the a2ð1320Þ. However, having high-statistics two-photon
production data, one might question their validity, in par-
ticular, Bða2ð1320Þ ! ��Þ. Namely, the determination of
this quantity may have been biased in past experiments by
the presence of nonresonant background, etc. To study this
effect, a fit is performed where the product ���Bð��0Þ of
the a2ð1320Þ is also floated. The value
���ða2ð1320ÞÞBð��0Þ obtained is ð145þ97

�34Þ eV, which

corresponds to Bða2ð1320Þ ! ��Þ ¼ ð9:4þ6:3
�2:2Þ � 10�6; it

agrees well with the PDG value, ð9:4� 0:7Þ � 10�6 within
the rather large fitting error. Thus, we conclude that the
parameters obtained in past measurements are reasonable.
The large statistical error in our measurement arises be-
cause of interference.

The a0ðYÞ mass is close to that of the a2ð1320Þ, which
may suggest the possibility that the a0ðYÞ is just a contri-
bution of the a2ð1320Þ to the D0 wave, which is not taken
into account in the above fit. To test this hypothesis, a fit is
performed with the a0ðYÞ removed and with D0 and D2 in
Eq. (7) replaced by

D0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r02

1þ r02

s
Aa2ð1320Þe

i�d0 þ BD0;

D2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

1þ r02

s
Aa2ð1320Þe

i�d2 þ BD2;

(13)

where r02 indicates the fraction of the a2ð1320Þ in the D0

wave. We obtain r02 ¼ 1:7þ0:5
�0:4% with �2=ndf ¼

737:7=431. The fit quality is unacceptably poor. When
the a0ðYÞ is restored and a fit is performed with Eq. (13),
we obtain r02 ¼ 3:4þ2:3

�1:1% with �2=ndf ¼ 580:6=427. We
conclude that the contribution of the a2ð1320Þ to the D0

wave is small.
The mass and width of the a0ðYÞ are significantly

smaller than 1474� 19 MeV=c2 and 265� 13 MeV,
the parameters of the a0ð1450Þ in the PDG [25]. Since
the fit without the a0ðYÞ or one where the mass of the
a0ðYÞ fixed to the a0ð1450Þ mass are unacceptable
(Table V), the inclusion of the a0ðYÞ is required to explain

the structure in Ŝ2 near 1.3 GeV seen in Fig. 12. Since, the
mass and width of the a0ð1450Þ are far from established,
we may either identify the a0ðYÞ with the a0ð1450Þ or treat
it as another scalar resonance.

3. Study of systematic errors

The following sources of systematic errors on the pa-
rameters are considered: dependence on the fitted region,
normalization errors in the differential cross sections, as-
sumptions about the background amplitudes, uncertainties
from the unfolding procedure, and the uncertainties of the
a2ð1320Þ. For each study, a fit is performed allowing all the

FIG. 13 (color online). Total cross section (j cos��j< 0:8) and
results of the parametrization. Contributions of jSj2, jD0j2 and
jD2j2 (not Ŝ2, D̂2

0 and D̂2
2) are also shown.

FIG. 12 (color online). Results of the parametrization and Ŝ2 (left top), D̂2
0 (left bottom), and D̂2

2 (right). The error bars shown are
diagonal statistical error.
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parameters to float and the differences of the fitted parame-
ters from the nominal values are quoted as systematic
errors. A thousand sets of randomly prepared input pa-
rameters are prepared for each study and fitted to search for
the true minimum and for possible multiple solutions.
Unique solutions are found very often.

Two fitting regions are tried: higher (0:94 GeV � W �
1:50 GeV) and lower (0:86 GeV � W � 1:42 GeV).
Normalization error studies are divided into those from
uncertainties of overall normalization and those from dis-
tortion of the spectra in either j cos��j or W. For overall
normalization errors, fits are made with two sets of values
of differential cross sections obtained by multiplying by
ð1� �	ðW;j cos��jÞÞ, where �	 is the relative efficiency error;

the results are denoted ‘‘normalization’’ errors. For distor-
tion studies,�4% errors are assigned and differential cross
sections are distorted by multiplying them by ð1�
0:1j cos��j � 0:04Þ and ð1� ðWðGeVÞ � 1:18Þ=7Þ (re-
ferred to as ‘‘bias:j cos��j’’ and ‘‘bias:W’’ errors,
respectively).

For studies of background (BG) amplitudes, one of the
waves is changed to a first- or a third-order polynomial. In
addition, constant terms are fixed to nonzero values.
Uncertainties from the unfolding procedure are studied
by analyzing the differential cross sections where a key
parameter in unfolding is varied within an allowable range.
Finally, the parameters of the a2ð1320Þ are successively
varied by their �1� uncertainties.

The resulting systematic errors are summarized in
Table VI. The total systematic errors are calculated by

combining the individual errors in quadrature. As can be
seen in Table VI, the values of ���Bð��0Þ for the a0ð980Þ
and a0ðYÞ jump to much larger values in some of the
systematic variations. This is because destructive interfer-
ence is preferred in some of the studies. A study reveals
that for much narrower W regions, e.g. about the a0ð980Þ
peak region, there exist two solutions corresponding to
constructive and destructive interference; the latter solu-
tion is disfavored in a widerW range in the nominal fit, but
favored in some of the systematic studies. In this case,
taking the sum in quadrature of the individual errors will be
an overestimation. Thus, we choose the maximum devia-
tion among the different systematic variations to estimate
the total systematic error.

4. Summary of resonance studies

To summarize the study presented in this section, once
the amplitudes are parametrized, differential cross sections
can be fitted to obtain the parameters as described above.
Although the fit itself is not very good as can be seen from
�2=ndf ¼ 1:39, it is stable despite the fact that the ap-
proach to the minimum is slow; tens of MINUIT runs are
needed to reach the minimum. The mass, width and
���Bð��0Þ values obtained for the a0ð980Þ and a0ðYÞ
are summarized and compared to those in the PDG [25]
in Tables VII and VIII. Note that the value of the product
���Bð��0Þ in the PDG [25] is an average of Refs. [11,13].

In both analyses, the total cross section or an event distri-
bution is fitted to an incoherent sum of the a0ð980Þ and

TABLE VI. Systematic uncertainties for a0ð980Þ and a0ðYÞ parameters.

a0ð980Þ a0ðYÞ
Source Mass (MeV=c2) �tot (MeV) ���Bð��0Þ (eV) Mass (MeV=c2) �tot (MeV) ���B��0 (eV)

W fit range þ0:4
�1:1

þ2:4
�0:0

þ7:9
�0:0

þ5:7
�1:2

þ4:3
�2:7

þ0:0
�57:0

Normalization þ0:4
�0:6

þ0:2
�0:2

þ17:6
�19:5

þ0:9
�0:0

þ0:0
�1:3

þ20:2
�46:4

Bias: j cos�j þ0:0
�0:1

þ0:4
�0:2

þ0:0
�9:3

þ3:6
�0:0

þ6:6
�18:1

þ0:0
�179:3

Bias:W þ0:0
�0:1

þ0:2
�0:1

þ5:1
�4:6

þ0:1
�0:0

þ0:5
�0:5

þ0:8
�1:4
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a2ð1320Þ resonances (with the masses and widths fixed to
the earlier PDG values [27]) and nonresonant background
because of the limited statistics available. In our fit, we
fully take into account interference among amplitudes.
When we follow the same procedure as in the previous
analyses, which ignored possible interference, we repro-
duce their values with much better statistical errors.

V. ANALYSIS OF THE HIGHER ENERGY REGION

In this section, we study the angular dependence of the
differential cross sections,W dependence of the total cross
section, and the ratio of cross sections for ��0 to �0�0

production in the high energy region, W > 2:4 GeV.

A. Angular dependence

As in the analysis of the �0�0 process [9], we compare
the angular dependence of the differential cross sections
with the function sin�4��. A fit with an additional cos2��

term does not significantly improve the fit quality. Limited
statistics prevent us from quantifying a possible deviation
from the sin�4�� behavior when we study the W depen-
dence of the data. Here, we only show comparison with a
sin�4�� parametrization in different W regions in Fig. 14.
In this figure, the vertical axis is the differential cross
section divided by the total integral over j cos��j< 0:8.
The curve is 0:602sin�4�� (not a fit). The numerical factor
is the differential cross section normalized to �ðj cos��j<
0:8Þ. The experimental result shows that the agreement is
good for W > 2:7 GeV.

B. Power-law W�n dependence

We fit the W dependence of the total cross section
(j cos��j< 0:8) in the energy region 3.1–4.0 GeV, where
the lower boundary 3.1 GeV is the same as in the �0�0

analysis. The fit gives n ¼ 10:5� 1:2� 0:5, and the cor-
responding cross section is drawn in Fig. 15(a) as well as
that of the �0�0 process in the same angular range. The
systematic error is obtained from the difference of the
central values when we shift the cross section by �1� at
3.1 GeV and �1� at 4.0 GeV and by factors obtained by
connecting linearly for W bins in between, where � is an
energy-dependent part of systematic error at eachW point.
The n value can be compared with n values in other
processes that we studied earlier [3,5,9]. The results are
summarized in Table IX from which it is clear that the
result for the ��0 final state is consistent with that for
K0

SK
0
S (where the fittedW range is wider), but two standard

deviations higher than that for �0�0. The energy depen-
dence of the latter seems to be different from that of the
two other purely neutral final states and closer to �þ��
and KþK�, although no strict conclusions can be drawn at
this level of statistics.

TABLE VII. Fitted parameters of the a0ð980Þ.
Parameter This work PDG Unit

Mass 982:3þ0:6þ3:1
�0:7�4:7 984:7� 1:2 MeV=c2

�tot 75:6� 1:6þ17:4
�10:0 50–100 MeV

���Bð��0Þ 128þ3þ502
�2�43 240þ80

�70 eV

TABLE VIII. Fitted parameters of the a0ðYÞ compared to those
of the a0ð1450Þ.
Parameter This work a0ð1450Þ (PDG) Unit

Mass 1316:8þ0:7þ24:7
�1:0�4:6 1474� 19 MeV=c2

�tot 65:0þ2:1þ99:1
�5:4�32:6 265� 13 MeV

���Bð��0Þ 432� 6þ1073
�256 unknown eV

FIG. 14. The angular dependence of the differential cross sections in differentW regions, with the normalization to the cross section
integrated over j cos��j< 0:8. The curves are proportional to sin�4�� and normalized similarly.
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C. Cross section ratio

A ratio of cross sections among neutral-pseudoscalar-
meson (�0 or �) pair production in two-photon collisions
can be predicted relatively easily within a pQCD model.
The pQCD model in Ref. [16] predicts the cross section
ratio �ð��0Þ=�ð�0�0Þ as summarized in Table X. In the
table, Rf ¼ ðf�=f�0Þ2, where f� (f�) is the � (�0) form

factor; the value of Rf is not well known and we tempo-

rarily assume it to be unity. The ratio of the cross sections is
proportional to the square of the coherent sum of the
product of the quark charges, j�e1e2j2, in which e1 ¼
�e2 in the present neutral-meson production cases. We
show two predictions: a pure flavor SU(3) octet state and a
mixture with VP ¼ �18	 for the � meson. For compari-
son, we also show in the table the values calculated using
an incoherent sum as an example of an extreme case. Here,
we assume that the quark-quark component of the neutral-
meson wave functions dominates and is much larger than

the two-gluon component, in obtaining the relations be-
tween the cross sections.
The W dependence of the ratio between the measured

cross section integrated over j cos��j< 0:8 of �� ! ��0

to �� ! �0�0 is plotted in Fig. 15(b). For the �0�0

process, the contributions from charmonium production
are subtracted using a model-dependent assumption de-
scribed in Ref. [9]. Even though the ratio may have a slight
W dependence, we average the ratio of the cross sections
over the range 3:1 GeV<W < 4:0 GeV as was done in
other processes for the sake of comparison with QCD and
obtain 0:48� 0:05� 0:04. In the averaging, the ratio in
the charmonium region (in �0�0) 3.3–3.6 GeV is not used.
This ratio is in agreement with the QCD prediction if we
take Rf ¼ 1.

D. Comments on charmonium

It is conjectured that the known c �c charmonium states do
not decay into the ��0 final state with any observable rate,

FIG. 15 (color online). TheW dependence of the cross section (j cos��j< 0:8) (a). The curve is the power-law fit. The cross section
of ��0 production is compared to that for �0�0 [9]. TheW dependence of the cross section ratio of ��0 to �0�0 (j cos��j< 0:8) (b).
The line is the average in the 3.1–4.0 GeV range (the charmonium region, 3.3–3.6 GeV, is omitted from the calculation [9]).

TABLE X. Predictions for the cross section ratio: �ð��0Þ=�ð�0�0Þ in two-photon collisions.
‘‘Coherent sum’’ (‘‘Incoherent sum’’) is the ratio derived from the squared coherent (incoherent)
sum of the product of the constituent-quark charges. Here, Rf ¼ ðf�=f�0 Þ2, where f� (f�) is the

� (�0) form factor; the value may be taken to be Rf ¼ 1. The �meson is treated as a pure SU(3)

octet state for the entries in the ‘‘octet’’ row, while ‘‘VP ¼ �18	’’ is the most probable mixing
angle between the octet and singlet states from experiments.

� in SU(3) Coherent sum Incoherent sum

Octet 0:24Rf 0:67Rf

VP ¼ �18	 0:46Rf 1:29Rf

TABLE IX. The value of n in �tot / W�n in various reactions fitted in the W and j cos��j
ranges indicated.

Process n W range (GeV) j cos��j range Reference

��0 10:5� 1:2� 0:5 3.1–4.1 <0:8 This work

�0�0 8:0� 0:5� 0:4 3.1–4.1 (exclude 3.3–3.6) <0:8 [9]

K0
SK

0
S 10:5� 0:6� 0:5 2.4–4.0 (exclude 3.3–3.6) <0:6 [5]

�þ�� 7:9� 0:4� 1:5 3.0–4.1 <0:6 [3]

KþK� 7:3� 0:3� 1:5 3.0–4.1 <0:6 [3]
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because the I ¼ 1 component should be suppressed. In
other words, this process could be useful to search for a
new charmoniumlike particle with I ¼ 1 that would be a
candidate for an exotic resonance. In Fig. 16, we show the
invariant-mass distribution of ��0 events with j cos��j<
0:4, where a resonance contribution would be enhanced.
We do not observe any signals of the known �cJ mesons.
There is a hint of a peak near 3.18 GeV, however, its
statistical significance is less than 3�. Therefore, we as-
sumed in the above discussion that there are no charmo-
nium contributions in the measurements of the cross
section described here.

VI. SUMMARYAND CONCLUSION

We have measured the process �� ! ��0 using a high-
statistics data sample from eþe� collisions corresponding
to an integrated luminosity of 223 fb�1 with the Belle
detector at the KEKB accelerator. We obtain results for
the differential cross sections in the center-of-mass energy
and polar-angle ranges, 0:84 GeV<W < 4:0 GeV and
j cos��j< 0:8.

Differential cross sections are fitted in the energy region
0:90 GeV � W � 1:46 GeV in a model where partial
waves consist of resonances and smooth backgrounds.
The D0 wave is small, the D2 wave is dominated by the
a2ð1320Þ resonance, the S-wave prefers to have at least one
additional resonance (denoted as a0ðYÞ) in addition to the
a0ð980Þ. The mass, width and the product ���Bð��0Þ for
the a0ð980Þ are fitted to be 982:3þ0:6þ3:1

�0:7�4:7 MeV=c2, 75:6�
1:6þ17:4

�10:0 MeV, 128þ3þ502
�2�43 eV and those for the a0ðYÞ are

1316:8þ0:7þ24:7
�1:0�4:6 MeV=c2, 65:0þ2:1þ99:1

�5:4�32:6 MeV, 432�
6þ1073
�256 eV. The large systematic errors, in particular, for

two-photon widths, originate from an additional solution
that favors destructive interference in some of systematic
studies. The mass and width of the a0ðYÞ are significantly
smaller than those of the a0ð1450Þ. The fact that the
obtained a0ðYÞ mass is close to the a2ð1320Þ mass may
suggest that the a2ð1320Þ contribution in the D0 wave is

important. However, a fit reveals that the fraction of the
a2ð1320Þ in the D0 wave is small and it cannot replace the
a0ðYÞ. Since the fit without it or the fit where its mass is
fixed to the a0ð1450Þ mass is unacceptable, it is at least a
good empirical parametrization. We may still identify the
a0ðYÞ with the a0ð1450Þ, given that the latter is far from
established, or as another new scalar meson. We cannot
draw a definite conclusion on the existence of the a2ð1700Þ.
The angular distribution of the differential cross sections

is close to �sin�4�� above W ¼ 3:1 GeV similarly to the
�0�0. In this energy region, the energy dependence of the
cross section integrated over j cos��j< 0:8 is well fitted by
W�n, n ¼ 10:5� 1:5� 0:4, somewhat higher (by two
standard deviations) than that in the �0�0 channel.
Although a slight W dependence may remain in the ratio,
we average the cross section ratio,�ð��0Þ=�ð�0�0Þ in the
range 3:1 GeV<W < 4:0 GeV and obtain 0:48� 0:05�
0:04. This ratio is consistent with the prediction from a
QCD model based on q �q production and SU(3) symmetry.
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