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We study the processes ete™ — 2(z777)2°2°2"% and 2(z"7~)z°2zyy in which an energetic photon is
radiated from the initial state. The data were collected with the BABAR detector at SLAC. About 14 000 and
4700 events, respectively, are selected from a data sample corresponding to an integrated luminosity of
469 tb~!. The invariant mass of the hadronic final state defines the effective e™ e~ center-of-mass energy.
The center-of-mass energies range from threshold to 4.5 GeV. From the mass spectra, the first ever

measurements of the ete™ — 2(zt 77 )2%7207°

and the ete™ — 2(x"727)n% % cross sections are

performed. The contributions from wz* 7~ z°z°, n2(2"7~), and other intermediate states are presented.
We observe the J/y and w(2S) in most of these final states and measure the corresponding branching

fractions, many of them for the first time.

DOI: 10.1103/PhysRevD.103.092001

I. INTRODUCTION

The Standard Model (SM) calculation of the muon
anomalous magnetic moment (g, — 2) requires input from
experimental e" e~ hadronic cross section data in order to
account for hadronic vacuum polarization terms. In par-
ticular, the calculation is most sensitive to the low-energy
region, from the hadronic threshold to about 2 GeV, where
the inclusive hadronic cross section cannot be measured
reliably and a sum of exclusive states must be used. Despite
the large dataset accumulated in the past years and the
analysis studies performed, there is still a ~3.5 sigma
discrepancy between the SM calculation and the exper-
imental value [1]. Not all exclusive states have yet been

“Deceased.

"Present address: Wuhan University, Wuhan 430072, China.

*Present address: Universita di Bologna and INFN Sezione di
Bologna, 1-47921 Rimini, Italy.

SPresent address: King’s College, London, WC2R 2LS, United
Kingdom.

IPresent address: University of Huddersfield, Huddersfield
HDI1 3DH, United Kingdom.

IPresent address: University of South Alabama, Mobile,
Alglgama 36688, USA.

“Also at Universita di Sassari, I-07100 Sassari, Italy.

" Also at Gran Sasso Science Institute, 1-67100 LAquila, Italy.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

measured, and new measurements will improve the reli-
ability of the calculation. Finally, these studies provide
information on the resonant spectroscopy.

Electron-positron annihilation events with initial-state
radiation (ISR) are useful to study processes over a wide
range of energies below the nominal ee™ center-of-mass
(c.m.) energy (E. ), as proposed in Ref. [2]. Studies of the
ISR processes ete™ = utu~y [3,4]and et e™ — Xy, using
data from the BABAR experiment at SLAC, have been
previously reported. Here X, represents any of several
exclusive hadronic final states. The X, studied to date include:
charged hadron pairs z* 7z~ [4], K™K~ [5], and p p [6]; fouror
six charged mesons [7-9]; charged mesons plus one or two or
three z° mesons [8—13];a K g meson plus charged and neutral
mesons [14]; and channels with KOL mesons [15].

In this paper, we report the first measurements of the
2(n"77)32° and 2(n"77)22% channels. The final states
are produced in conjunction with a hard photon, assumed to
result from ISR. To reduce background from Y (4S) decays,
the analysis is restricted to the c.m. energy below 4.5 GeV.
As part of the analysis, we search for and observe
intermediate states, including the 7, w, and p resonances.
In the charmonium region, we observe J/y and w(2S5)
signals in the studied final states and the corresponding
branching fractions are measured.

II. THE BABAR DETECTOR AND DATASET

The data used in this analysis were collected with the
BABAR detector at the PEP-II2 asymmetric-energy e™ e~
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storage ring. The total integrated luminosity used is
468.6 fb~! [16], which includes data collected at the
Y(4S) resonance (424.7 fb~') and at a c.m. energy
40 MeV below this resonance (43.9 fb™!).

The BABAR detector is described in detail elsewhere
[17]. Charged particles are reconstructed using a BABAR
tracking system, which is comprised of a silicon vertex
tracker (SVT) and a drift chamber (DCH), both located
inside a 1.5 T solenoid. Separation of pions and kaons is
accomplished by means of a detector of internally reflected
Cherenkov light (DIRC) and energy-loss measurements in
the SVT and DCH. Photons are detected in an electro-
magnetic calorimeter (EMC). Muon identification is pro-
vided by an instrumented flux return.

To evaluate the detector acceptance and efficiency, we
have developed a special package of Monte Carlo (MC)
simulation programs for radiative processes based on the
approach of Kiihn and Czyz [18]. Multiple collinear soft-
photon emission from the initial e e~ state is implemented
with a structure function technique [19,20], while addi-
tional photon radiation from final-state particles is simu-
lated using the PHOTOS package [21]. The precision of the
radiative simulation is such that it contributes less than 1%
to the uncertainty in the measured hadronic cross sections.

To evaluate the detection efficiency we simulate et e™ —
2(x* 77 )n%2°2% events assuming production through the
(782)7°n and 7tz 7°2% intermediate channels, with
decay of the w to three pions and decay of the # to all its
measured decay modes [22], from which decays to three
pions are used in present analysis.

A sample of 100-200 000 simulated events is generated
for each signal reaction and processed through the detector
response simulation, based on the GEANT4 package [23].
These events are reconstructed using the same software
chain as the data. Variations in the detector conditions are
taken into account. The simulation includes random trigger
events to account for the observed distributions of the
background tracks and photons. Most of the experimental
events contain additional soft photons due to machine
background or interactions in the detector material, which
are properly modeled in the simulation.

For the purpose of background estimation, large samples
of events from the main relevant ISR processes [4xy, Sy,
wny, and 2(z* 77 )n2%] are simulated. The background
from the relevant non-ISR processes, namely e*e™ — ¢g
(gq=u, d, s) and ete™ — 177, are generated using the
JETSET [24] and KORALB [25] programs, respectively. The
cross sections for the above processes are known with an
accuracy about or better than 10%, which is sufficient for
the present purpose.

III. EVENT SELECTION AND KINEMATIC FIT

Candidates for the 2(z*7z7)32%% and 2(z"7)22y
events are selected by requiring that there be four

well-measured tracks and seven or more detected photons,
with an energy above 0.02 GeV in the EMC. We assume
that the photon with the highest energy is the ISR photon,
and we require its c.m. energy to be larger than 3 GeV.

The four tracks must have zero total charge and
extrapolate to within 0.25 cm of the beam axis and
3.0 cm of the nominal collision point along that axis. In
order to recover a relatively small fraction of signal events
that contain a background track from secondary decay
or interaction, we allow for the presence of a fifth track
in the event, which however must not fulfill the above
condition. The four tracks that satisfy the extrapolation
criteria are fit to a vertex to determine the collision
point, which is used in the calculation of the photon
directions.

We subject each candidate event to a set of con-
strained kinematic fits and use the fit results, along
with charged-particle identification, to select the final
states of interest and evaluate backgrounds from other
processes. The kinematic fits use the four-momenta
and covariance matrices of the colliding electrons and
selected tracks and photons. The fitted three-momenta of
each track and photon are then used in further kinematic
calculations.

We exclude the photon with the highest c.m. energy,
which 1s assumed to arise from ISR, consider each
independent set of six other photons, and combine them
into three pairs. For each set of six photons, there are 15
independent combinations of photon pairs. We retain those
combinations in which the diphoton mass of at least two
pairs lies within 35 MeV/c? of the z° mass m,p. The
selected combinations are subjected to a fit in which the
diphoton masses of the two pairs with |m(yy) — myp| <
35 MeV/c? are constrained to m. In combination with
the constraints due to four-momentum conservation, there
are thus six constraints (6C) in the fit. The photons in the
remaining (“third”) pair are treated as being independent. If
all three photon pairs in the combination satisfy
|m(yy) — mp| <35 MeV/c?, then we test all possible
combinations, allowing each of the three diphoton pairs
in turn to be the third pair, i.e., the pair without the m o
constraint.

The above procedure allows us not only to search for
events with 7° — yy in the third photon pair, but also for
events with 1 — yy.

The 6C fit is performed under the signal hypothesis
ete” = 2(ntn7)n°7%yyisr. The combination with the
smallest y* is retained, along with the obtained %4,
value and the fitted three-momenta of each track and
photon. Each selected event is also subjected to a 6C fit
under the e*e™ — 2(n" 77 )n%2% g background hypoth-
esis, and the y?,,,,0 value is retained. The 2(z "7~ )z°z°
process has a larger cross section than the 2(ztz~)32°
signal process and can contribute to the background when
two background photons are present.
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IV. ADDITIONAL SELECTION CRITERIA

For each selected event we require the tracks to lie within
the fiducial region of the DCH (0.45-2.40 rad) and to be
inconsistent with being a kaon or muon. The photon
candidates are required to lie within the fiducial region
of the EMC (0.35-2.40 rad) and to have an energy larger
than 0.035 GeV. The angular distance between the ISR
photon and the closest track must be greater than 1 rad; this
requirement significantly suppresses the non-ISR back-
ground, in particular reducing the background from
ete” - t777 to a negligible level. A requirement that
any extra photons in an event must have an energy
below 0.7 GeV reduces the multiphoton background by
10%—20%. Finally, the background from the ISR process
ete” = 2(ntn7)22% is reduced from 30% to about
1%—2%, with a loss of only 5% of signal events, by
requiring y3 , o > 30.

Figure 1(a) shows the invariant mass m(yy) of the third
photon pair vs )(24”2,row after the above requirements. Clear
7" and 5 peaks are visible at small y* values. The two
vertical lines define the signal and control regions, corre-
sponding 0 y*4pm0,, <50 and 50 <y?,0,, < 100,
respectively.
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region ;{24,,2,[07}, <50 with the additional selection criteria de-
scribed in the text.
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Figure 1(b) shows the m(yy) distribution for events in the
signal region after the above requirements have been
applied. The dip in this distribution at the z° mass value
is a consequence of the kinematic fit constraint of the best
two photon pairs to the z° mass, so the third photon pair is
always formed from photon candidates that are less well
measured.

Figure 2 shows the m(yy) distribution vs the invariant
mass m(2(z*x~)22%y) for events in the signal (a) and
control (b) region. Events from the e*e™ — 2(z"77)3x°
and 2(z*7~)27% processes are clearly seen in the signal
region, as well as J/y decays to these final states. In the
control region no significant structures are seen; we use
these events to evaluate background.

Our strategy to extract the signals for the eTe™ —
2(z*77)3x° and 2(x*727)22% processes is to perform a
fit for the z° and 7 yields in intervals of 0.05 GeV/c? in the
distribution of the 2(z " z~)22%y invariant mass. This mass
interval is about 3 times wider than the experimental
resolution.

V. DETECTION EFFICIENCY

A. Number of signal events in simulation

As mentioned in Sec. II, the model used in the MC
simulation assumes that the seven-pion final state results
from w2’y and nat 2~ 7°2° production, with @ decays to
three pions and # decays to all modes. As shown below,
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these two final states dominate the observed cross section.
Also, the ISR photon is simulated to wider angles than the
EMC acceptance, reducing the nominal efficiency. For each
mode we have 200 000 simulated events from the primary
generator.

The selection procedure applied to the data is also
applied to the MC-simulated events. Figures 3 and 4 show
(a) the m(yy) distribution and (b) the distribution of m(yy)
vs m(2(ztx~)2x%y) for the simulated nz*z~z°2° and
wn'n events, respectively. The 7° peak is not Gaussian in
either reaction. Background photons are included in the
simulation. Therefore, the simulation accounts for the
combinatorial background that arises when background
photons are combined with photons from the signal
reactions.

The combinatorial background is subtracted using the
data from the y? control region. We do not know how large
the combinatorial background is in the signal region, and
we use a scale factor varying from 1.0 to 1.5 for the
subtraction to estimate the uncertainty in the number of
signal events. The method is illustrated using simulation in
Fig. 5, which shows the m(yy) distribution with a bin width
of 0.02 GeV/c?. The solid histograms show the simulated
results from the signal region after subtraction of the
simulated combinatorial background with the scale factor
1.5. The sum of three Gaussian functions is used to describe
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FIG. 4. (a) Distribution of the third-photon-pair invariant mass

m(yy) and of (b) m(yy) vs m(2(z*z~)22%y) for MC-simulated
ete™ = wn'y events.

the 7 signal shape. A third-order polynomial function is
used to describe the shape of the remaining combinatorial
background. The fitted function is shown by the smooth
solid curve, while the dashed curve is for the contribution
of the remaining combinatorial background. The remaining
combinatorial background contribution is almost negligible
for the scale factor value 1.5. We obtain 1122 + 46 and
1161 4 55 simulated signal events for each mode, respec-
tively. If the scale factor 1.0 is used, the remaining
background is well described by the polynomial function
and the signal yield does not change by more than 3%.
Alternatively, for the na*z~x 7° events, we determine
the number of events by fitting the # signal from the n —
atn~n° decay: the simulated distribution is shown in Fig. 6
(a) (12 entries per event). The fit functions are again the
sum of three Gaussian functions and a polynomial for the
combinatorial background. In total we obtain 1183 £ 49
events. A similar fit of the # signal is performed for the
wn°n final-state simulation with 1110 + 54 selected events.
Similarly, as an alternative for the wz’; events, the @
mass peak can be used. To reduce the number of combi-
natorial entries, we require one z*z~z" combination to
have invariant mass close to the x mass and fit the
remaining two combinations to extract the numbers of
signal events with an @, as shown in Fig. 6(b). In total
1104 71 signal events are found. A Breit-Wigner (BW)
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FIG. 5. Background subtracted m(yy) distribution for MC-
simulated (a) eTe™ — nata~72%2° and (b) ete™ — wn'y events.
The fit function is described in the text. The dashed line shows a

fit of the remaining contribution from the y> control region.

function, convolved with a Gaussian distribution to account
for the detector resolution, is used to describe the @ signal.
A second-order polynomial is used to describe the
background.

B. Efficiency evaluation

The mass-dependent detection efficiency is obtained
by dividing the number of fitted MC events in each
0.05 GeV/c? mass interval of the hadronic system by
the number generated in the same interval. The number of
signal events in the simulation, obtained by fitting the z°, 7,
or @ signals, is consistent within uncertainties not only
in total, but also in every mass interval. We do not see
any significant difference in mass-dependent efficiency
between the different methods. The uncertainty in the
value of the efficiency in each mass bin is dominated
by the fluctuation of the combinatorial background. We
average the five efficiencies in each 0.05 GeV/c? mass
interval and fit the result with a third-order polynomial
function, shown in Fig. 7. The result of this fit is used for
the cross section calculation.
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plobon b b b 0l
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200

100

0.4 0.6 0.8
m(r*n°), GeV/c?
L L0 e L L L B B B

600

500

400

300

200

Events/0.01 GeV/c?

100

0.5 0.6 0.7 0.8 0.9 1 11
m(r ), GeV/c?

FIG. 6. (a) The z*z z° invariant-mass distribution for the
MC-simulated e*e™ — nata~7%2° events. The dashed curve is
for the combinatorial background. (b) The z"z~z° invariant
masses for the MC-simulated eTe™ — wz’; events. The histo-
gram shows the 7"z~ z° combination closest to the # mass, while
the two remaining combinations (dots) exhibit the @ meson.
The curves show the fit functions used to obtain the number of
signal (solid) events and the combinatorial background (dashed)

contribution.

Although the signal simulation accounts for all # decay
modes, the efficiency calculation considers the signal  —
atn~7° decay mode only. This efficiency estimate takes
into account the geometrical acceptance of the detector for
the final-state photons and the charged pions, the ineffi-
ciency of the detector subsystems, and the event loss due to
additional soft-photon emission from the initial and final
states. Corrections that account for data-MC differences are
discussed below.

From Fig. 7 it is seen that the reconstruction efficiency is
about 2.7%, roughly independent of mass. By comparing
the results of the five different methods used to evaluate the
efficiency, we conclude that the relative overall efficiency
does not change by more than 5% because of variations of
the functions used to extract the number of events or the use
of different models. This value is taken as an estimate of the
systematic uncertainty in the acceptance associated with the
simulation model used and with the fit procedure.
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FIG. 7. The energy-dependent reconstruction efficiency for
ete™ — 2(ntn7)37° events, determined using five different
methods: see text. The curve shows the results of a fit to the
average values, which is used in the cross section calculation.

We do not simulate the 2(z*z~ )y and 2(z"77)22%
intermediate states, which are observed in data (see below)
in the » — 32° and  — yy decays. But our previous studies
[13] have demonstrated that, for these and similar decays,
the variations in efficiency due to model dependence do not
exceed 5%. In combination with the selections above, we
assign 7% as a systematic uncertainty to the detection
efficiency.

VI. THE 2(n*n~)3z° FINAL STATE

A. Number of 2(z* 7~ )3x" events

The solid histogram in Fig. 8(a) shows the same m(yy)
distribution of Fig. 1(b) binned in mass intervals of
0.02 GeV/c?. The dashed histogram corresponds instead
to the distribution of data from the y? control region, and
the dotted histogram is the estimated remaining back-
ground from e*e™ — 2(z*727)n%° events produced via
ISR. No evidence for a peaking background is seen in either
of the two background distributions. We subtract the
background evaluated using the y* control region with
the scale factor 1.0 and vary it to 1.5 to check the stability of
the result. The resulting m(yy) distribution is shown in
Fig. 8(b).

We fit the data of Fig. 8(b) with a combination of a signal
function, taken from simulation, and a background func-
tion, taken to be a third-order polynomial. The fit is
performed in the m(yy) mass range from 0.0 to
0.5 GeV/c?. The result of the fit is shown by the solid
and dashed curves. A total of 12559 4+ 174 events is
obtained. Note that this number includes a relatively small
peaking background component, due to gg events, which is
discussed in Sec. VIB. The same fit is applied to the
corresponding m(yy) distribution in each 0.05 GeV/c?
interval in the 2(z*z~)22%y invariant mass. The resulting
number of 2(z77)3z° event candidates as a function of
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FIG. 8. (a) Invariant mass m(yy) for data in the y2 signal (solid)
and control (dashed) regions. The dotted histogram shows the
estimated background from e*e™ — 2(z7z7)x%2%. (b) The
m(yy) invariant mass for data after the background subtraction.
The curves are the fit results as described in the text.

m(2(n"77)2x"y), including the peaking gg background,
is reported in Fig. 9(a).

B. Peaking background

The major background producing a z° peak following
application of the selection criteria of Sec. IV is from non-
ISR ¢g events, the most important channel being ete™ —
2(at 77 )2°2%2°2° in which one of the neutral pions decays
asymmetrically, yielding a high-energy photon that mimics
an ISR photon. Figure 10(a) shows the third-photon-pair
invariant mass vs m(2(z "z~ )z°2%y) for the non-ISR light
quark g (uds) simulation: clear signals from z° and 5
are seen. Figure 10(b) shows the m(yy) projection for
Xamandy, <50 and 50 < %500, < 100.

To normalize the uds simulation, we calculate the
diphoton invariant mass distribution of the ISR candidate
with all the remaining candidate photons in the event. A 7°
peak is observed, with approximately the same number of
events in data and simulation, leading to a normalization
factor of 1.0 &= 0.1. The resulting uds background is shown
by the squares in Fig. 9(b); the uds background is
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FIG. 9. (a) The invariant-mass distribution of 2(z*z~)3x°

events, obtained from the fit to the z° mass peak. (b) Expanded
view of (a) to show the contribution from non-ISR uds back-
ground, shown by squares.

negligible below 2 GeV/c? but accounts for more than half
of the total event yield around 4 GeV/c? and above.

C. Cross section for e*e™ — 2(n*n~ )n’z’zn"

The ete™ — 2(nt 7 )a’2"2°
determined from

Born cross section is

dN7n:y (Ec.m.)

4737°)(E, =
6( O )( c.m.) dE(EC‘m‘)eg‘,’,”G%c(Ec.m.)(1 +5R)

- (1)

where E_ , is the invariant mass of the seven-pion system,
dN,, is the background-subtracted number of selected
events in the interval dE, ., and €}I°(E, ) is the corre-
sponding detection efficiency from simulation. The factor
€52 accounts for the difference between data and simu-
lation: the MC efficiency is larger by (1.0 & 1.0)% per
charged track [7] and by (3.0 & 1.0)% per z° [12]. The ISR
differential luminosity [10] dL is calculated using the total
integrated BABAR luminosity of 469 fb~! [16]. The initial-
and final-state soft-photon emission is accounted for by the
radiative correction factor (1 + &), which is close to unity
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FIG. 10. (a) The third-photon-pair invariant mass Vs
m(2(z* 7 )n%2%y) for the uds simulation. (b) Projected events
from (a) for the signal region ;(24,,2,,% < 50 (solid histogram) and
the control region 50 < )(24,,2”07}, < 100 (dashed histogram).

for our selection criteria. The cross section results contain
the effect of vacuum polarization because this effect is not
accounted for in the luminosity calculation.

Our results for the ete™ — 2(zt 77 )7°2°2° cross section
are shown in Fig. 11. The cross section does not exhibit any

clear structures except signals from the J/w and w(2S5)
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FIG. 11. The measured e*e™ — 2(z" 77 )x%2%2° cross section.

The uncertainties are statistical only.
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TABLE I.  Summary of the ete™ — 2(z*77)32° cross section measurement. The uncertainties are statistical only.

Ecm (GeV) o @mb)  E., (GeV) o @mb)  E., (GeV) omb)  Ecn (GeV) o (b)  Ecn (GeV) o (nb)

1.575 0.00 £0.01 2.175 0.84 £0.15 2.775 0.96 £0.14 3.375 0.78 +0.12 3.975 0.46 £0.09
1.625 0.02 £0.01 2.225 1.06 +0.11 2.825 0.88 £0.13 3.425 0.59 +0.09 4.025 0.44 £0.09
1.675 0.00 £ 0.02 2.275 1.07 £0.14 2.875 1.12+0.13 3.475 0.70 £0.11 4.075 0.42 £0.09
1.725 0.26 £ 0.06 2.325 1.11 £0.12 2.925 0.88 £0.13 3.525 0.67 £0.10 4.125 0.32 £0.07
1.775 0.25 £0.07 2.375 1.14£0.14 2.975 1.02£0.17 3.575 0.73+£0.12 4.175 0.56 £0.08
1.825 0.62 £0.09 2.425 1.39+£0.16 3.025 1.49 £0.20 3.625 0.63+0.11 4.225 0.31 £0.08
1.875 0.82+£0.14 2.475 1.21 £0.16 3.075 10.76 +0.26 3.675 1.53+0.15 4.275 0.35 £0.06
1.925 0.73 £0.09 2.525 1.01 £0.16 3.125 6.30 + 0.26 3.725 0.81+0.13 4.325 0.23 £0.07
1.975 0.69 £0.10 2.575 0.84 £0.14 3.175 1.44 +£0.15 3.775 031+0.11 4.375 0.42 £ 0.06
2.025 0.90 £0.15 2.625 0.82£0.11 3.225 0.90 £0.11 3.825 0.53 +£0.10 4.425 0.45£0.07
2.075 0.88+£0.14 2.675 1.02£0.15 3.275 0.67 £0.12 3.875 0.29 +0.09 4.475 0.30 £0.07
2.125 0.70 £ 0.16 2.725 0.95+0.15 3.325 0.82 £0.12 3.925 0.46 +0.09

TABLEIL. Summary of the systematic uncertainties in the e* e~ — 77~z 7~ 7%2%2° cross section measurement.

Source Correction Uncertainty

Luminosity e 1%

MC-data difference in ISR photon efficiency +1.5% 1%

x? cut uncertainty R 3%

Fit and background subtraction Bk 7%

MC-data difference in track losses +4% 2%

MC-data difference in z° losses +9% 3%

Radiative corrections accuracy ‘e 1%

Efficiency from MC (fit and model dependence) e 5%

Total (assuming no correlations) +14.5% 10%
resonances. Because we present our data in bins of width The three corrections applied to the cross sections sum up
0.050 GeV/c?, compatible with the experimental resolu- to 14.5%. The systematic uncertainties are considered to be

tion, we do not apply an unfolding procedure to the data. ~ uncorrelated and are.added in quadrgture, summing to 10%.
Numerical values for the cross section are presented in ~ The largest systematic uncertainty arises from the fitting and

Table L. The J/y region is discussed below. background subtraction procedures. It is estimated by vary-
ing the background levels and the parameters of the func-
. L tions used.
D. Summary of systematic uncertainties
The systematic uncertainties, presented in the previous E. Overview of the intermediate structures
sections, are summarized in Table II, along with the The ete™ — 2(ztn") 797°7° process has a rich internal
corrections that are applied to the measurements. substructure. To study this substructure, we restrict events
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FIG. 12. (a) The z°2°7° invariant mass. (b) The 7z~ vs the z°7z°2° invariant mass. (c) The z°z°z° invariant mass vs the seven-pion

invariant mass.
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[26] in p —» 2t A°.

of the 7t 7~ (four entries per event) vs the 3z° invariant
mass. From this plot, the p(770)n correlation in the
intermediate state is seen. Figure 12(c) presents a scatter
plot of the 37° invariant mass versus m(2(z "z~ )z°z%y).

The distribution of the zz~z° invariant mass (12 entries
per event) is shown in Fig. 13(a). Prominent 7 and @ peaks
are seen. The scatter plot in Fig. 13(b) shows one z* 7~ 7"
vs another 7zt7~ 2% invariant mass for the same event.
Correlated 5 and @ production from e*e™ — wa'y is seen.
A scatter plot of the 777277° vs the seven-pion mass is
shown in Fig. 13(c). A clear signal for a J/w peak is also
observed.

Figure 14(a) shows the 77° (dotted) and 7~ z° (solid)
invariant masses (12 entries per event). A prominent p(770)
peak, corresponding to e e~ — 5zp, is visible. The scatter
plot in Fig. 14(b) shows the 7~z vs the 7#+z° invariant
mass. An indication of the pp~7" 7~ 2" intermediate state
is visible. Figure 14(c) shows the 77" invariant mass vs

the seven-pion invariant mass: a clear signal for the J/y
and an indication of the y(2S) are seen.

1. The n2(n* ™) intermediate state

To determine the contribution of the #2(z*z~) inter-
mediate state, we fit the events of Fig. 12(a) using a
triple-Gaussian function to describe the signal peak, as in
Fig. 6(a), and a polynomial to describe the background. The
result of the fit is shown in Fig. 15(a). We obtain 1410 4 58
n2(z*z~) events with the n — 3z° decays. The number of
n2(z*x~) events as a function of the seven-pion invariant
mass is determined by performing an analogous fit in each
0.05 GeV/c? interval of m(2(z*x~)32°). The resulting
distribution is shown in Fig. 16.

The very rich intermediate structures in the #2(z"7~)
mode were carefully studied in our previous paper [11] with
significantly larger statistical precision.

Using Eq. (1), we determine the cross section for the
ete™ — n2(x" ™) process. The decay rate of 5 to three z°
is taken into account, so the cross section results, shown in
Fig. 17 and listed in Table III, correspond to all n decays.
Systematic uncertainties in this measurement are the same
as those listed in Table II. Figure 17 shows our measure-
ment in comparison to our previous result [11] and to those
from the CMD3 experiment [26]. These previous results are
based on different # decay modes than those considered
here. The different results are seen to agree within the
uncertainties. Including the results of the present study, we
have thus now measured the ete™ — n2(z"7~) cross
section in three different # decay modes.

2. The wn'n intermediate state

As demonstrated in Figs. 13(a) and 13(b) we can expect
natn 2’2, wnta7°2° intermediate final states or corre-
lated 5 and @ production in the wz%7 mode.

The solid histogram in Fig. 18(a) shows the mass
distribution of the ztz~z° combination closest to the

TABLE III.  Summary of the ete™ — #2(z"z7) cross section measurement. The uncertainties are statistical only.

Ecm (GeV) o @b)  E., (GeV) o @b) E., (GeV) o@b) E., (GeV) o@mb) E., (GeV) o (nb)
1.575 0.00+0.00  2.175 1.48 £0.33 2.775 0.62 +0.21 3.375 0.27+0.12 3975  0.08 £0.07
1.625 0.00 +0.25 2.225 1.11 +0.30 2.825 0.66 +0.18 3.425 0.13+0.10 4.025 0.00 £ 0.07
1.675 0.16 = 0.12 2.275 1.98 +0.33 2.875 0.70 +0.19 3.475 0.23+0.12 4.075 0.03 +£0.09
1.725 0.00 +0.28 2.325 0.92 +0.26 2.925 0.31 +0.16 3.525 0.20 +0.10 4.125 0.04 £0.05
1.775 0.19 +0.20 2.375 1.124+0.28 2.975 0.66 +0.20 3.575 0.23+0.11 4.175 0.07 £ 0.06
1.825 0.27 +£0.22 2.425 1.51 £ 0.30 3.025 0.50 +0.18 3.625 0.21 +0.10 4.225 0.09 £ 0.06
1.875 0.19+£0.25 2.475 1.28 £0.27 3.075 1.02 +0.22 3.675 0.23 +0.11 4.275 0.07 £0.04
1.925 0.53+0.25 2.525 0.54+022  3.125 0.65+0.19  3.725 0.25+0.10 4325  0.00+0.05
1.975 0.20 +0.29 2.575 0.98 +0.24 3.175 0.41 +£0.15 3.775 0.10 + 0.06 4.375 0.05 +0.05
2.025 0.88 +0.31 2.625 0.84 +0.19 3.225 0.33+0.13 3.825 0.20 = 0.09 4.425 0.01 £ 0.01
2.075 0.72 +0.30 2.675 0.90 +0.24 3.275 0.32+0.12 3.875 0.06 + 0.07 4.475 0.02 £0.02
2.125 1.10 £ 0.30 2.725 0.61 £0.20 3.325 0.32+0.13 3.925 0.24 +0.08
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FIG. 18. Mass plots for the wn'y intermediate state: (a) The
solid histogram is for the 7z~ z° invariant mass closest to the #
mass, while the dots are for the two remaining combinations of
a7~ 7. The solid curve shows the fit function for the w signal
plus the combinatorial background (dashed curve). (b) The mass
distribution of the 2(z*77)37" events in the w peak (circles)
correlated with # production in comparison with all 2(z+z~)32°
events (squares).

nominal # mass, while the dotted histogram reports the
invariant mass of the remaining two combinations of three
pions after selecting the first combination within a window

3.5

o(e'e’»wony), nb

1.5 2 2.5 3 3.5 4

FIG. 19. Comparison of the present results (dots) with previous
measurements of the eTe~ — wx’; cross section from BABAR in
n — yy (squares) [13] and from SND (triangles) [27] in  — 3z°.

of +80 MeV/c? from the nominal 5 mass. A fit to the
dotted distribution with a sum of a BW for the @ signal and
a combinatorial background, as shown in Sec. V, allows the
extraction of the wnz® intermediate state signal, which
amounts to 739 & 51 events. The contribution of the wz’y
intermediate state to all 2(z"z7)3z" events is shown in
Fig. 18(b).

Using Eq. (1), we determine the cross section for the
ete™ — wn'y process. The energy dependence of the cross
section is shown in Fig. 19 by the dots: we are in agreement
with our previous measurement [13] and still slightly below
the SND result [27]. The numerical values of the cross
section are listed in Table IV. Again, we have the mea-
surements of this reaction in three different decay modes
of 7.

3. The wx*n~ 7n°n° intermediate state

To determine the contribution of the wzt 7z~ 7%z inter-

mediate state, we fit the events of Fig. 13(a) using a BW
function to model the signal and a polynomial to model the

TABLE IV. Summary of the ete™ — wz’y cross section measurement. The uncertainties are statistical only.

E.m (GeV) o (@mb) E., (GeV) omb) E., (GeV) o mb) E. (GeV) omb) E., (GeV) o (nb)
1.575 0.00 £ 0.00 2.175 0.70 £0.39 2.775 0.55+£0.17 3.375 0.03 £0.08 3.975 0.04 £0.04
1.625 -0.01 £0.09 2.225 0.76 £0.42 2.825 0.15+0.18 3.425 0.18 £0.10 4.025 0.08 £0.05
1.675 0.17 £0.08 2.275 0.37 +£0.39 2.875 0.19+0.13 3.475 0.14 +0.07 4.075 0.06 + 0.07
1.725 0.53 +£0.39 2.325 0.68 +0.34 2.925 0.23+£0.15 3.525 —0.01+0.02 4.125 0.01 £0.04
1.775 121 £0.44 2.375 043 +0.24 2.975 0.07+0.13 3.575 0.02 +£0.07 4.175 0.01 £0.02
1.825 1.69 £0.51 2.425 0.25+0.25 3.025 -0.00+0.08 3.625 0.03 £ 0.07 4.225 0.06 £ 0.05
1.875 1.63 £0.55 2.475 0.94 £0.31 3.075 0.61 £0.16 3.675 0.04 £0.10 4.275 0.03 £0.03
1.925 1.78 £ 0.54 2.525 0.09 +£0.19 3.125 0.23 +0.17 3.725 0.09 +0.07 4.325 0.02 +£0.03
1.975 1.09 £0.51 2.575 0.23 +0.19 3.175 0.13 +£0.09 3.775 0.04 +£0.04 4.375 0.03 £0.03
2.025 1.35+0.53 2.625 0.41+0.19 3.225 0.09 £0.10 3.825 —0.00£0.05 4.425 0.04 £0.03
2.075 1.88 £ 0.54 2.675 0.25+0.17 3.275 0.05 +£0.10 3.875 0.09 +£0.07 4.475 0.01 £0.03
2.125 1.35 £0.47 2.725 0.60 £0.19 3.325 0.13 +£0.09 3.925 0.03 £0.03
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function for the w signal (solid) plus the combinatorial background
(dashed curve). The solid histogram shows peaking background
from the simulated e*e™ — wn ISR events. (b) The mass distri-
bution of the 2(z777)37° events in the w peak (circles) and
estimated contribution from the w7 background (triangles), from
wn’n (up-down triangles), and from uds (squares).

background. The BW function is convolved with a
Gaussian distribution that accounts for the detector reso-
lution, as described for the fit of Fig. 6(b). The result of the
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section in the 2(z" 7~
The result of CMD3 for the ete™
[26] is shown by squares.

fit is shown in Fig. 20(a). We obtain 7808 £ 176
wrntn 7’7" events. The number of wrtz~7%2" events
as a function of the seven-pion invariant mass is determined
by performing an analogous fit in each 0.05 GeV/c?
interval of m(2(z*z~)3x°). The resulting distribution is
shown by the circle symbols in Fig. 20(b).

For the ete™ — wnt 2~ 72" channel, there is a peaking
background from ete™ — wn when w and 5 decay to
atn~ % A simulation of this reaction with proper nor-
malization leads to the peaking-background estimation
shown by the histogram in Fig. 20(a) and by the triangle
symbols in Fig. 20(b). We also have peaking background
from the general uds reactions [also shown in Fig. 20(b)].

These background contributions, as well as the events
from the correlated @ and ; production from the wzy final
state, are subtracted from the wn* 7~ 7%2° signal candidate
distribution.

The resulting e*e™ — wa™n~z°z° cross section, cor-
rected for the @ — zt 7~ 7° branching fraction, is shown in

TABLE V. Summary of the e*e™ — 77~ 7%72% cross section measurement. The uncertainties are statistical only.

E . (GeV) o (nb) E; . (GeV) o (nb) E; . (GeV) o (nb) Ecm (GeV) o (nb) E; . (GeV) o (nb)
1.575 0.00 + 0.00 2.175 0.53 +0.30 2.775 0.48 +0.21 3.375 0.31 +0.13 3.975 0.10 £ 0.08
1.625 0.01 £0.06 2.225 0.86 +0.30 2.825 0.18 £0.20 3.425 0.15+0.13 4.025 0.08 4+ 0.08
1.675 0.02 +£0.09 2.275 0.20 +0.29 2.875 0.59 £0.20 3.475 0.16 £0.12 4.075 0.07 +£0.09
1.725 0.19 £0.17 2.325 0.28 +£0.26 2.925 0.54 £0.20 3.525 0.08 £0.12 4.125 0.08 +0.09
1.775 0.36 £0.21 2.375 0.73 £0.26 2.975 0.68 £0.21 3.575 0.38 £0.12 4.175 0.04 +0.07
1.825 0.18 £0.23 2.425 0.41 +0.27 3.025 0.83 £0.24 3.625 0.27 +£0.13 4.225 0.15 4+ 0.07
1.875 0.71 £0.26 2.475 0.82 £0.25 3.075 5.46 +£0.36 3.675 0.77 £0.15 4.275 0.13 £ 0.06
1.925 0.35+0.27 2.525 0.77 +£0.25 3.125 3.88 +0.30 3.725 0.58 +0.13 4.325 0.19 +£0.07
1.975 0.65 £0.30 2.575 0.56 +0.23 3.175 0.61 £0.19 3.775 0.30 £0.11 4.375 0.11 £ 0.06
2.025 0.53 £0.32 2.625 0.22 £0.21 3.225 0.61 £0.16 3.825 0.13 £0.10 4.425 0.04 £+ 0.06
2.075 0.46 +£0.32 2.675 0.51 £0.22 3.275 0.33 £0.15 3.875 0.19 +0.09 4.475 0.20 4+ 0.07
2.125 0.38 £0.32 2.725 0.69 +0.22 3.325 0.14 +£0.14 3.925 0.33 +0.09
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FIG. 22. Mass distributions for the 7z 7z~ 72" intermediate
state: (a) The curves show the fit function for the # signal in the
7" 7~ 7" invariant mass (solid) plus the combinatorial background
(dashed curve). The solid histogram shows estimated contribu-
tions from the simulated eTe™ — wn ISR events. (b) The mass
distribution of the 2(z*77)37° events in the # peak (circles) and
estimated contribution from the wn background (triangles), from

wn’n (up-down triangles), and from uds (squares).

Fig. 21 and tabulated in Table V. The uncertainties are
statistical only. The systematic uncertainties are about 10%.
No previous measurement exists for this process. The cross
section exhibits a rise at threshold, a decrease at large E_ , ,
and a possibly resonant activity at around 2.3-2.5 GeV. The
result by CMD3 for the significantly lower ete™ —
wrtrnaTx cross section [26] is shown by squares.
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FIG. 23. The result of the energy-dependent ete™ —
natn~2°z° cross section in the # — 7t 7~ 7° mode. The result

of the BABAR experiment in the n — yy mode [13] is shown by
triangles.

0

4. The na* n~n'x’ intermediate state

A similar approach is used to determine the contribution
of the nat 2~ 7°z" intermediate state. We fit the events of
Fig. 13(a) using the three-Gaussian function for the signal
and a polynomial to model the background. The result of
the fit is shown in Fig. 22(a). The fitted nz "z~ 727" yield
corresponds to 2522 + 91 events. The signal distribution as
a function of the seven-pion invariant mass is determined
by performing an analogous fit in each 0.05 GeV/c?
interval of m(2(z"z7)32z°) and is shown by the circle
symbols in Fig. 22(b).

Also in this case a peaking background arises from the
process e*e” — wny when w and 5 decay to z7 2~ 70, Its
contribution, estimated with MC simulation, is shown by
the histogram in Fig. 22(a) and by the triangle symbols in
Fig. 22(b).

We also have peaking background from the general uds
reactions, shown by squares in Fig. 22(b). And finally, we
remove events from the wz’y final state (up-down
triangles).

The ete™ » na'rx cross section, corrected for the
n — xt 7~ 7° branching fraction, is shown in Fig. 23 and
tabulated in 0.1 GeV bins in Table VI. The uncertainties are
statistical only. The systematic uncertainties are about 10%.

=700

TABLE VI. Summary of the eTe™ — 777~ 7%2% cross section measurement. The uncertainties are statistical only.

Ecwm (GeV) o (b) E., (GeV) o @mb) E., (GeV) omb) E., (GeV) o6 @mb) E., (GeV) o (nb)
1.650 0.17 £0.11 2.250 0.67 £0.24 2.850 0.63+0.12 3.450 0.27 +0.08 4.050 0.01 £ 0.06
1.750 0.16 £0.22 2.350 0.70 £0.20 2.950 0.71 +£0.14 3.550 0.33 £0.09 4.150 0.06 + 0.04
1.850 0.45+£0.28 2.450 0.56 £0.20 3.050 0.48 £0.16 3.650 0.17 £ 0.09 4250 -0.01 £0.04
1.950 0.45+0.28 2.550 0.76 £ 0.18 3.150 0.60 +0.15 3.750 0.10 +0.08 4.350 0.05 +0.05
2.050 0.88 £0.30 2.650 0.50 £0.16 3.250 0.35+0.10 3.850 0.12 + 0.06 4.450 0.03 +0.06
2.150 0.75 £0.27 2.750 0.28 £0.14 3.350 0.20 + 0.09 3.950 0.11 +0.06
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FIG. 24. Mass distributions for the p* 7% 7+ 7~ 7%2° intermedi-
ate state: (a) the =z invariant mass for data. The dashed curve
shows the fit to the combinatorial background. The solid curve is
the sum of the background curve and the BW function for the p*.
(b) The result of the p™ fit in bins of 0.02 GeV/c? in the p~ mass.
(c) Number of events in bins of E.,, from the p* — ztz°
(circles) intermediate states. The squares show the event numbers
obtained from uds production.

We are in good agreement with a recent measurement of
this cross section [13] in the # — yy decay mode.

5. The p(770)* 77 x* n~ n°n® intermediate state

A similar approach is followed to study events with a p*
meson in the intermediate state. Because the p meson is
broad, a BW function is used to describe the signal shape.
There are 12 candidate p* entries per event, leading to
a large combinatorial background. To extract the contri-
bution of the pTz* 7+t 7~ 722 intermediate state we fit the
events in Fig. 14(a) with a BW function to describe the
signal and a polynomial to describe the background.
The parameters of the p resonance are taken from
Ref. [22]. The result of the fit is shown in Fig. 24(a).
We obtain 9138 4 371 pT a2tz 722" events. The distri-
bution of these events vs the seven-pion invariant mass is
shown by the circle symbols in Fig. 24(c), while a similar fit
for the uds simulation is shown by squares. The uds
background is dominant in all energy regions except for
J/y and y(2S).

In these events more than one p® per event can be
expected, indicating a significant production of J/y —
ptp~ntnx°. To determine the rate of p*p~ 7+ 7~ 2" events
in the J/yw decays, we perform a fit to determine the
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FIG.25. The2(ztz~)2x%y mass distribution summed over the

intermediate states. The circles show the number of events,
determined from the #° fit. The squares show the sum of events
with 5, @, and p production, the latter corrected for the p™p~
production.

number of p* in intervals of 0.02 GeV/c? in the 7~ n°
distribution of Fig. 14(b) for events within +-0.1 GeV/c? of
the J/w mass. The result is shown in Fig. 24(b). Indeed, a
small pT peak with 415 & 340 events is observed, com-
pared to 2844 events in the J /y peak region, corresponding
to about 20% of all decays with one or two p*. However,
the uncertainty in this estimate is almost at the same level.

The charmonium region for all intermediate states is
discussed below.

F. The sum of intermediate states

We consider whether the 2(z*z7)32° channel contains
other intermediate state contributions. The circle sym-
bols in Fig. 25 show the total number of 2(ztz~)32°
events, repeated from Fig. 9. We perform a sum of
the number of #2(z*77), wr’ny, natn=2°2°, wrtr= 770,
and p*rtrtn 22" intermediate state events, found as
described in the previous sections, and show this sum by
the square symbols in Fig. 25. Based on the results of our
study of correlated p*p~ production, we scale the number
of events found from the fit to the p peak so that it
corresponds to the number of events with either a single p*
or with a p™p~ pair. This summed curve is seen to be in
agreement with the total number of 2(z*7~)37° events; we
conclude there is no significant contribution from other
(unobserved) intermediate states.

VIL. THE 2(n*n~ )22 FINAL STATE

A. Determination of the number of events

The analogous approach to that described above for
ete” = 2(nt a7 )n’z°7° events is used to study ete” —
2(z*7n7)n%% events. We fit the 5 signal in the third-

photon-pair invariant-mass distribution (cf. Fig. 1) with the
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FIG. 26. Mass distributions for the 2(z"7~)22 final state.
(a) The third-photon-pair invariant mass for data. The dashed
curve shows the fitted background. The solid curve shows the
sum of background and the two-Gaussian fit function used to
obtain the number of events with an 5. (b) The invariant-mass
distribution for the 2(z"z7)27% events obtained from the 5
signal fit. The contribution of the uds background events is
shown by the squares.

sum of two Gaussians with a common mean, while the
relatively smooth background is described by a second-
order polynomial function, as shown in Fig. 26(a). We
obtain 1651 4+ 50 events. Figure 26(b) shows the mass
distribution of these events.
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FIG. 27. Energy-dependent cross section for ete™ —

2(z* 77 )n%2%. The uncertainties are statistical only.

B. Peaking background

The major background producing an # peak is the non-
ISR background, in particular ete™ — 2(z"77)x°2"2
when one of the neutral pions decays asymmetrically,
producing a photon interpreted as ISR. The # peak from
the uds simulation is visible in Fig. 10. We fit the 5 peak
in the uds simulation in intervals of 0.05 GeV/c? in
m(2(z* 77 )n°2%y). The results are shown by the squares
in Fig. 26(b).

To normalize the uds simulation, we form the diphoton
invariant-mass distribution of the ISR candidate with all the
remaining photons in the event. Comparing the number of
events in the z° peaks in data and uds simulation, we assign
a scale factor of 1.5 +0.2 to the simulation and subtract
these events from the data distribution.

C. Cross section for e*e™ — 2(n*n~ )n’z'y

The cross section for ete™ — 2(ztz7)2%2% is deter-
mined using Eq. (1). The results are shown in Fig. 27 and
listed in Table VII. These are the first results for this
process. The systematic uncertainties and corrections are
the same as those presented in Table II except that the
uncertainty in the detection efficiency increases to 13%.

TABLE VII. Summary of the ete™ — 2(71’+7T_)71'07T077 cross section measurement. The uncertainties are statistical only.

E.m (GeV) o@mb) E., (GeV) o@mb) E., (GeV) o @mb) E., (GeV) o (@mb) E., (GeV) o (nb)
2.075 0.03 +0.03 2.575 0.13 +0.05 3.075 0.37 £ 0.08 3.575 0.21 £ 0.06 4.075 0.08 +0.05
2.125 —-0.02 £ 0.04 2.625 0.16 = 0.05 3.125 0.38 £ 0.07 3.625 0.15 £ 0.06 4.125 0.01 £0.04
2.175 0.01 +£0.02 2.675 0.124+0.05 3.175 0.18 +0.06 3.675 0.17 £+ 0.06 4.175 0.12 +0.04
2.225 0.07 +£0.03 2.725 0.14 +0.04 3.225 0.24 +0.06 3.725 0.14 +0.05 4.225 0.12 +0.04
2.275 0.10 +0.03 2.775 0.22 +0.05 3.275 0.24 +0.05 3.775 0.15+0.05 4.275 0.03 £ 0.04
2.325 0.15+0.04 2.825 0.12+0.05 3.325 0.14 £ 0.05 3.825 0.09 +0.05 4.325 0.04 £0.04
2.375 0.04 +£0.03 2.875 0.15+0.05 3.375 0.15 +0.05 3.875 0.10 +0.04 4.375 0.04 +0.04
2.425 0.10 £ 0.04 2.925 0.14 £ 0.06 3.425 0.17 £ 0.06 3.925 0.10 4+ 0.05 4.425 0.08 +0.04
2.475 0.13 +0.04 2.975 0.22 +0.06 3.475 0.22+0.05 3.975 0.14 +0.04 4.475 0.09 + 0.04
2.525 0.07 +£0.05 3.025 0.19 + 0.06 3.525 0.19 + 0.06 4.025 0.10 £ 0.04
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The cross section is approximately zero until well above
2 GeV and so is not useful in the vacuum polarization
calculations; we have not yet performed a study of
intermediate states for this process.

VIIL THE J/y REGION
A. The 2(z* 7z~ )3x° final state

Figure 28(a) shows an expanded view of the charmo-
nium region from Fig. 9, which has large contributions
from the J/y and y(2S) decays to seven pions. The
nonresonant background distribution is flat in this region.

The observed peak shapes are not purely Gaussian
because of radiation effects and resolution, as is also seen
in the simulated signal distributions shown in Fig. 28(b).
The sum of two Gaussians with a common mean is used to
describe each peak. We obtain 3391 + 101 J/y events and
290 =+ 40 y(2S5) events. Using these results for the number
of events, the detection efficiency, and the ISR luminosity,
we determine the product:

N(J/y = 2(z*77)32%) - mj,,

6% - dL/dE - MC . e . C
= (345 4+ 10 £+ 50) eV, (2)

Jw _
B.I/y/—>7ﬂ' ee  —

where Z‘” is the electronic width, dL/dE =

180 nb~!/MeV is the ISR luminosity at the J/y mass
My, eMC€ = 0.027 £ 0.002 is the detection efficiency from
simulation, €™ = 0.85 is the correction, discussed in
Sec. VID, and C = 3.894 x 10'! nb MeV? is a conversion
constant [22]. We estimate the systematic uncertainty for
this region to be 15%. The subscript “7z” for the branching

fraction refers to the 2(z7~)3z° final state exclusively.
Using T3V =5534+0.10keV [22], we obtain
By = (624£02+£0.9) x 1072: no other measure-
ments for this channel exist. It is the largest decay mode
of the J/y measured so far.
Using Eq. (2) and the result d£/dE = 228 nb~! /MeV at
the y/(2S) mass, we obtain
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FIG. 28. (a) The 2(z"77)3z° mass distribution for ISR-
produced ete™ — 2(xt 27 )x%2°2° events in the J/y —w(25)
region. (b) The MC-simulated signals. The curves show the fit
functions described in the text.

Byos)orn T = (33+£545) eV.

With T4 = 2.33 + 0.04 keV [22] we find By, (257, =
(1.4 +£0.240.2) x 1072. For this channel also, no pre-
vious result exists.

The w(2S) peak partly corresponds to the decay
chain w(28) — J/wz°z° or yw(2S) = J/watz", with
J/w decaying to five pions. We select the 2(z"77)37"
events in the +£100 MeV/c? window around the (25)
mass and calculate 2(z"z7)z° and ztz~32° invariant
masses, shown in Figs. 29(a) and 29(b), respectively.
Clear signals from the above decay chains are seen.
Performing a fit to these distributions yields 130 £ 21
w(2S) = J/yn’n® - 2(x*77)32° events and 114 £ 27
w(2S) = J/yntn~ — 2(x*77)3x° events. In conjunction
with the detection efficiency and ISR luminosity, this yields

lé/(2S)

By/(2S)—>J/1//ﬂ0n'O : BJ/I//—>2(71+7Z_)710 Tee

= (148 £2.6 £2.2) eV,

28
By/(2S)—>J/y/7r n~ .Bl/y/—)ﬂ+ﬂ_3/[0 . lee( )

= (192+£45+32) eV,

with T as stated above and By (25) =y =
0.1824 £ 0.0031, By, (25)—s/yr 2~ = 0.3468 £ 0.0030 [22],
we obtain B, oz )0 = (347 £0.61 +0.52)% and
B jyort a0 = (2.38 £0.56 & 0.36)%. These results are
in agreement with the PDG values B, (st )20 =
(3.73 £0.32)%S = 1.4 [22] and B, ), ;30 = (271 £
0.29)% [13]. Only BABAR measurements are listed in PDG
[22] for the last channel.

0720 intermediate states

1. The wn*n~ a2, ye*n—=n
Figure 30(a) shows an expanded view of Fig. 20 with the
2(7"7~)32" mass distribution for events obtained by a fit to

the zt7z~7° mass distribution to select events with an .
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FIG. 29. The 2(z*z7)2° invariant mass (a) and z+z3z°
invariant mass (b) for events with a seven-pion invariant mass
within £100 MeV/c? of the y(2S). The curves show the fit
functions for all events (solid) and the contribution of the
background (dashed).
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The two-Gaussian fit, implemented as described above,
yields 1619 +92 and 159 + 35 events for the J/y and
w(2S), respectively. Using Eq. (2) we obtain

o0-B o TV —

BJ/I//—>(1)7[+7[ z'x

(165 +9 +25) eV

w—ntnx

BV/(ZS)—NMT*JT’HOJTO : Bw—»ﬂ*ﬂ’ﬂo : lee( ) = (18 +4+ 3) eV
Using B, +,-, = 0.891 and the value of I',, from
Ref. [22], we obtain B,z 70,0 = (3.3 £ 0.2 £0.5) x
1072 and B, (25)—gn' nz020 = (0.87 £0.19 +0.15) x 1072,
There are no other measurements of these decays.

Similarly, an expanded view of Fig. 22 is shown in
Fig. 30(b) for 2(z"77)32° events with an # signal in the
atn~7° invariant mass. The fit yields 60 441 events
corresponding to

00-B o TV —

BJ/[//—)r[n*yz s (6 +4+ 1) CV

nontan
which corresponds to B, .zt 0,0 = (4.8 £3.2 4+ 0.8)x

1073, We obtain reasonable agreement with the only
available result B; ), , 00 = (2.3 £0.5) x 1073 [13],

T T

obtained by BABAR in the n — yy decay mode.

Note that the J/y decay to the wz’y mode is almost
10 times smaller, (0.34 4+ 0.17) x 1073 [13], and cannot be
extracted from our data.

2. The nu*n~n* ™~ intermediate state

An expanded view of Fig. 16 is shown in Fig. 31(a). The
fit yields 55 + 25 events corresponding to

(5.6 £2.6+0.8) eV
@6i12i0$x1¢3

BJ/w—»nZ(ﬂ*Jr’) : Bn—>3n° Feew

Bj/y/—>;72

The result is in agreement with world average value
(2.26 +0.28) x 1073 [22]. We only can set an upper
limit for the w(2S)— n2(z*z~) decay: we observe
<20 events corresponding to By, 25) 2zt a-) <24 X 1073
at 90% C.L., which is consistent with the world average
value 1.2 £ 0.6 x 1073 [22].

070 intermediate state

3. The p*n*n*n =

Figure 31(b) shows an expanded view of Fig. 25(a)
(circles) for the 2(z" 7~ )3x° mass for events obtained from
the fit to the p signal in the 757" mass. The two-Gaussian
fit yields 2149 + 363 and 266 + 157 events for the J /i and
w(2S), respectively.

As shown in Sec. VIE 5 about 20% of these events arise
from the J/y — ptpTata~n" decays. We estimate the
number of J/y decays to single and double p to be 1526 +
258 +279 and 312 + 129 =+ 140, respectively. The second
uncertainty is due to the fraction of p*p~ events, given
above. We obtain

J
By syt romtmnitno - DoV = (155 £ 26 £ 28 £ 22) eV

J
Byjypipmian Ti! = (32£13£14£5) eV

Dividing by the value of I',, from Ref. [22] then yields
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7° intermediate states.

(c) The J/y region for 2(z*7~)22% events. The curves show the fit functions described in the text.
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TABLE VIIL

Summary of the J/y and w(2S) branching fractions.

J/w or w(2S) branching fraction (1073)

Measured quantity Measured value (eV) Calculated, this work PDG [22]
. CFY 345.0 +£10.0 & 50.0 62.0+2.0£9.0 No entry
. B jyson xs  Buoog st 165.0 £9.0 £ 25.0 33.0+2.0+5.0 No entry
D{éw Byt Byt gt 6.0+40+1.0 48+324+0.8 23+0.5
. Byt nray * Byosgtpd 56+2.6+038 26+12+05 2.26 £0.28
. FY 155.0 £26.0 £ 36.0 280+4.7+6.6 No entry
. T 32.0+13.0 £ 15.0 57+£24+£27 No entry
. By jyornmsaty * Buosyy 9.1+26+14 42+12+06 No entry
rléle(zs) By o5t xwnnd 33.0+5.0+5.0 14.0+2.0+£2.0 No entry
Flé/e(zs)  Byasys 1y - Bijyorawta 148+26+22 347 +6.1+52 33.7+2.6
FZ,E(zs) Byas)o 1y n By g aind 192 +45+32 23.8 £5.6+3.6 27.1+2.9
l—\lé/e(zs) 3Ry . S 18.0+4.0+3.0 87+£19+£15 No entry
F‘é’ézs} 'BW(ZS)qn'”’nJrlr’ﬂoﬂ'oﬂ By <1.9 at 90% C.L. <2.0 at 90% C.L. No entry
Flge(zs) Byas)orirray Byosia <2.3 at 90% C.L. <2.4 at 90% C.L. 1.2+0.6

By jysyiminn o = (2.8 £ 0.47 £0.51 +0.42) x 1072,
Byt pntmms = (057 £0.24 £0.25 £ 0.09) x 1072,

where the third uncertainty is associated with the procedure
used to determine the correlated p*p~ rate. No other
measurements for these processes exist.

For the y(2S) — p*a*xt 2~ 2°2° decay we find 266 +
157 events. We cannot extract and estimate the size of the
contribution of double-p events, so we do not calculate
branching fractions.

B. The 2(n* z~)2x°y final state

The expanded view of Fig. 26(b) is shown in Fig. 31(c).
The fit yields 90 =+ 26 for the J/yr — 2(z* 27)22% events
corresponding to

By iz oz Buyy - T = (9.1 £2.6 £ 1.4) eV,
By jypinnyom = (42 £ 1.2 £0.6) x 1072,

We set an upper limit w(2S) - n2(z*72~)22" decay:
we observe <18 events at 90% C.L. corresponding to
Bl//(ZS)—>112(7['7z‘)2/t0 <2.0x 10_3.

There are no previous results for these final states.

C. Summary of the charmonium region study

The rates of J/y and w/(2S) decays to 2(z*z~)32°,
2(z*77)27% and several intermediate final states have
been measured. The measured products and calculated
branching fractions are summarized in Table VIII together
with the available PDG values for comparison.

IX. SUMMARY

The excellent performance of the BABAR detector for
photon energy and charged-particle resolution, together
with its strong particle identification capabilities, allow the
reconstruction of the 2(z*77)37° and 2(z*z~)22% final
states from threshold up to 4.5 GeV via the ISR process.

The analysis shows that the effective luminosity and
efficiency have been understood with 10%—13% accuracy.
The cross section measurements for the efe™ —
2(z*77)37° and the ete™ — 2(xt )22 reactions has
been measured for the first time.

The selected multihadronic final states in the broad
range of accessible energies provide new information on
hadron spectroscopy. The observed e*e™ — wa™n 7°7°,
ete” = nutr2%2% and ete™ — y2(ntx7) cross sections
provide additional information for the hadronic contribu-
tion calculation of the muon g — 2.

The initial-state radiation events also allow a study of
J/y and w(2S) production and a measurement of the
corresponding products of the decay branching fractions
and eTe~ width for most of the studied channels, the
majority of them for the first time.
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