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at center-of-mass energies from threshold to 4.5 GeV using
initial-state radiation
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We study the processes eTe™ — 77z 7’272’z and nt 7z~ 272"y in which an energetic photon is
radiated from the initial state. The data were collected with the BABAR detector at the SLAC National
Accelerator Laboratory. About 7300 and 870 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 ete™ 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 e*e™ — 777 7%2%2°2° and the
ete” — na~7%2%7% cross sections are performed. The contributions from wz°z°7°, a2~ 7°, wy, and
other intermediate states are presented. We observe the J/y and y(2S) in most of these final states and
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measure the corresponding branching fractions, many of them for the first time.

DOI: 10.1103/PhysRevD.104.112004

I. INTRODUCTION

Many precision Standard Model (SM) predictions require
the hadronic vacuum polarization (HVP) terms to be taken
into account. At a relatively large momentum transfer, these
terms are measured by studying the inclusive hadron pro-
ductionin e™ e~ annihilation and are relatively well calculated
by perturbative quantum chromodynamics. However, in the
energy region from the hadronic threshold to about 2 GeV,
the inclusive hadronic cross section cannot be measured or
calculated reliably, and a sum of exclusive states must be used.
It is particularly important for the calculation of the muon
anomalous magnetic moment (g, — 2), which is most sensi-
tive to the low-energy region. Despite large datasets of e™e™
cross sections, accumulated in the past years, and the studies
performed [1,2], there still is a discrepancy between the SM
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calculation and the experimental value. With the latest result
of the (g, — 2) experiment at Fermilab [3], this discrepancy
increased to 4.2 sigma.

Electron-positron annihilation events with initial-state
radiation (ISR) can be used to study processes over a wide
range of energies below the nominal e*e™ c.m. energy
(E. ), as proposed in Ref. [4]. The possibility of exploit-
ing ISR to make precise measurements of low-energy cross
sections at high-luminosity ¢» and B factories is discussed in
Refs. [5-7] and motivates the studies described in this
paper. Not all accessible states have yet been measured;
thus new measurements will improve the reliability of the
HVP calculation. In addition, studies of ISR events at B
factories are interesting in their own right, because they
provide information on resonance spectroscopy for masses
up to the charmonium region.

Studies of hadron (%) production in the ISR processes
ete™ — hy using data from the BABAR experiment at
SLAC have been previously reported [8—22]. Initial-state
radiation events with detection of the ISR photon are
characterized by good reconstruction efficiency and by
well-understood kinematics, demonstrated in the references
given above. The BABAR detector performance (tracking,
particle identification, z°, K9, and K9 reconstruction) is
well suited to the study of ISR processes.

This paper reports on analyses of the z7z 42" and
atn~32% final states produced in conjunction with an
energetic photon, assumed to result from ISR. While
BABAR data cover effective c.m. energies up to
10.58 GeV, this analysis is restricted to energies below
4.5 GeV because of backgrounds from Y (4S) decays.

There are no previous measurements of the ete™ —
atn 47 and ete” — T2 37% cross sections. The
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six-pion cross sections have a sizable value below 2 GeV
[11] and the two-charged plus four-neutral pion processes
are currently included in the HVP calculation by assuming
isospin relations [1]. The direct measurement of this
channel can reduce the calculation uncertainty. It is also
important to extract the contribution of the intermediate
resonances, because the total cross section calculation
depends on their decay rate to the measured final states.
Below, we present the measurements of e*e™ — w7079,
ete” = natn 7% and ete” — wn cross sections, with
n — 7°7°2°, that contribute to the ete™ — ztz 4a°
final state.

A clear J /y signal is observed for both the z*z~42" and
77732 channels, and the corresponding J/y 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~
storage ring. The total integrated luminosity used is
468.6 fb~' [23], 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
[24]. Charged particles are reconstructed using the BABAR
tracking system, which comprises the silicon vertex tracker
(SVT) and the drift chamber (DCH), both located inside a
1.5 T solenoid. Separation of pions and kaons is accom-
plished by means of the detector of internally reflected
Cherenkov light and energy-loss measurements in the SVT
and DCH. Photons and K9 mesons are detected in the
electromagnetic calorimeter (EMC). Muon identification is
provided by the 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 Czyz and Kiihn [25]. Multiple collinear soft-
photon emission from the initial eTe™ state is imple-
mented with the structure function technique [26,27],
while additional photon radiation from final-state particles
is simulated using the PHOTOS package [28]. The precision
of the radiative simulation is such that it contributes
less than 1% to the uncertainty in the measured hadronic
Cross sections.

We simulate e*e™ — 777 7°7°7%2% events assuming
production through the w(782)# intermediate channel, with
decay of the w to three pions and decay of the 7 to all its
measured decay modes [29].

A sample of 460 000 simulated events is generated for
the signal reaction and processed through the detector
response simulation, based on the GEANT4 package [30].
These events are reconstructed using the same software
chain as the data. Most of the experimental events contain
additional soft photons due to machine background or

interactions in the detector material. Variations in the
detector and background conditions are included in the
simulation.

For the purpose of background estimation, large samples
of events from the main relevant ISR processes (Szy, pny,
atn~n%2%, etc.) are simulated. To evaluate the background
from the relevant non-ISR processes, namely e*e™ — gg
(g=u, d, s) and ete™ — 177, simulated samples with
integrated luminosities about that of the data are generated
using the JETSET [31] and KORALB [32] programs, respec-
tively. The cross sections for the above processes are known
with an accuracy slightly better than 10%, which is
sufficient for the present purposes.

III. EVENT SELECTION AND KINEMATIC FIT

A relatively clean sample of 7+ 7~ 47% and 777232y
events is selected by requiring that there be two tracks
reconstructed in the DCH, SVT, or both, and nine or more
photons (sometimes up to 20), with an energy above
0.02 GeV in the EMC. We assume the photon with the
highest energy to be the ISR photon, and we require its c.m.
energy to be larger than 3 GeV.

We allow either two or three tracks in an event, with exactly
one opposite-sign pair that extrapolates within 0.25 cm of the
beam axis and 3.0 cm of the nominal collision point along that
axis. The reason a third track is allowed is to capture a
relatively small fraction of signal events that contain a
background track. The two tracks that satisfy the extrapola-
tion criteria are fit to a vertex, which is used as the point of
origin in the calculation of the photon directions.

We subject each candidate event to a set of constrained
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 make use of the four-momenta and covari-
ance matrices of the initial e™, e, and the set of selected
tracks and photons. The fitted three-momenta of each track
and photon are then used in further calculations.

Excluding the photon with the highest c.m. energy,
which is assumed to arise from ISR, we consider all
independent sets of eight other photons and combine them
into four pairs. For each set of eight photons, we test all
possible independent combinations of four photon pairs.
We consider those combinations in which the diphoton
mass of at least three pairs lies within £35 MeV/c? (43¢
of the resolution) of the 7° mass myo [29]. The selected
combinations are subjected to a fit in which the diphoton
masses of the three pairs with |m(yy) — mp| < 35 MeV/c?
are constrained to m_o. For the signal hypothesis e*e™ —
at = 37%yysr With the constraints due to four-momentum
conservation, there are thus seven constraints (7C) in the fit.
The photons in the remaining (“fourth”) pair are treated as
being independent. If all four photon pairs in the combi-
nation satisfy |m(yy) —mp| < 35 MeV/c?, we rotate the
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combinations, allowing each of the four diphoton pairs in
turn to be the fourth pair, i.e., the pair without the m o
constraint. The combination with the smallest y? is
retained, along with the obtained y%,.3,,, (¥5:) value
and the fitted three-momenta of each track and photon.

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

Each retained event is also subjected to a 7C fit under
the ete™ — 7t 7~ 37% s background hypothesis, and the
smallest y?,,5,0 value from all photon combinations is
retained. The 77727 32° process has a comparable cross
section to the 777~ 4x° signal process and can contribute to
the background when two or more background photons are
present.

IV. ADDITIONAL SELECTION CRITERIA

The results of the 7C fit to events with two tracks and at
least nine photon candidates are used to perform the final
selection of the six-pion and the five-pion plus eta sample.
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

350
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y Lol b b bna by 11
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T 0203 04 o5 o6 o7
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FIG. 1. (a) The invariant mass m(yy) of the fourth photon pair
Vs ;(%76”(,”. (b) The m(yy) distribution for Z%ﬁﬂow < 70 with
additional selection criteria applied as described in the text. The
double-peak structure near the z° mass is produced by the
reconstruction procedure, as explained in the text.

within the fiducial region of the EMC (0.35-2.40 rad)
and to have an energy larger than 0.035 GeV. The latter
improves the signal-to-background ratio. A requirement
that there be no charged tracks within 1 rad of the ISR
photon reduces the 77~ background to a negligible level.
A requirement that any extra photons in an event each have
an energy below 0.7 GeV slightly reduces the multiphoton
background.

Figure 1(a) shows the invariant mass m(yy) of the fourth
photon pair vs )éﬂ%(’w' Clear 7° and 5 peaks are visible
at small y? values. We require )éﬁn"w < 70 to select the
signal events and apply )(3”3”0 > 30 condition if these
events also satisfy the 2237° background hypothesis.
This requirement reduces the contamination due to
27237° events from 30% to about 1%-2%, while reducing
the signal efficiency by only 5%.

Figure 1(b) shows the m(yy) distribution after the above
requirements have been applied. The dip in this distribution
at the 7° mass value is a consequence of the kinematic fit
constraint of the best three photon pairs to the 7° mass.
Also, because of this constraint, the fourth photon pair is
sometimes formed from photon candidates that are less
well measured.

Figure 2 shows the m(yy) distribution vs the invariant
mass m(2737%y) for events [Fig. 2(a)] in the signal region

;(%ﬂwﬂ < 70 and [Fig. 2(b)] in a control region defined by
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FIG. 2. (a) The fourth-photon-pair invariant mass m(yy) vs
m(2x37°%y) for (a) }énsn”w < 70 and (b) 70 < }(giﬁﬂo}’}’ < 140.
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70 < y2 ., < 140. Events from the ete™ — at 7 42"
2737 yy

and 7777 32% processes are clearly seen in the signal
region, as well as J/y decays to these final states.
No significant structures are seen in the control region,
and we use these events to evaluate background.

Our strategy to extract the signals for the eTe™ —
ata 1%72%72°72° and 22~ 7%2°72% processes is to perform
afit to the z° and 5 yields in intervals of 0.05 GeV/c? in the

distribution of the invariant mass m(z*z=32%y).

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 six-pion final state arises
primarily through w#n production, with @ decays to three
pions and 5 decays to 37°. As shown below, events with 7
and o dominate in the observed cross sections.

The selection procedure applied to the data is also
applied to the MC-simulated events. Figure 3(a) shows
the m(yy) distribution for the y? signal region and Fig. 3(b)
shows the distribution of m(yy) vs m(2232%y) for the
simulated wn events. The z° signal shape is not Gaussian
due to the procedure explained in the previous section. It
also includes a combinatoric background arising from the
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FIG. 3. The MC-simulated distribution for ete™ — wn events
of (a) the fourth-photon-pair invariant mass m(yy) and (b) m(yy)
vs m(ztn=37%y).
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FIG. 4. The MC-simulated m(yy) distribution for (a) ete™ —
on in the signal y? region (solid histogram) and control region
(dashed) and (b) background-subtracted m(yy) distribution. The
fit function is described in the text. The dashed curve shows the
remaining background contribution.

combination of background photons, included in the
simulation, with the photons from the signal reactions.
This background is subtracted as illustrated in Fig. 4,
which shows the simulated m(yy) distribution from
Fig. 3(a) with a bin width of 0.02 GeV/c?. The solid
histogram in Fig. 4(a) corresponds to the two-photon mass
distribution obtained from the y? signal region. The dashed
histogram is obtained instead from the control region and
represents a combinatoric background distribution, which
is subtracted assuming a scale factor that is varied to
estimate the uncertainty in its contribution. The signal yield
is then extracted by fitting the 7° peak of this distribution
with a sum of three Gaussian functions for the signal plus a
second-order polynomial function to account for a residual
combinatoric background. If a scale factor 1.5 is used, the
background level becomes negligible, and we can deter-
mine and fix parameters for the signal function. If then we
change the scale factor to 1.0 or to 0.0 in the fit, the
obtained signal yield does not change by more than 3%.
The result, for a scale factor of 1.0, is shown by the points
in Fig. 4(b). The fit is shown by the smooth solid curve,
while the dashed curve shows the contribution of the
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T'he MC-simulated e e~ — wn events. (a) The #7777z~ z" invariant mass (four entries/event) with BW fit function (solid curve).
7° invariant mass combination closest to the n mass (histogram) and

the remaining 7"z~ 7" invariant mass distribution (dots). The solid curve shows the w signal fit and the dashed curve shows the

remaining background. (c) The z°7%7°

used to determine the # signal.

remaining combinatoric background. The fitted signal
yields 2639 £ 66 events. We apply a similar fit procedure
in each 0.05 GeV/c? interval of the m(z " z~37%y) invari-
ant mass distribution.

Alternatively, for wn events, the @ mass peak can be
used. Figure 5(a) shows the 7+ 7~ 7" invariant mass (four
entries per event) for selected MC-simulated events.
A Breit-Wigner (BW) function, convolved with a
Gaussian distribution to account for the detector resolution,
is used to describe the w signal. A second-order polynomial
is used to describe the background. We obtain 2699 £ 75
events in total. We also obtain the number of events
by fitting m(z*z=z°) in 0.05 GeV/c? intervals of the
m(ztx~37%y) invariant mass.

Because in our simulation the @ and # mesons are
produced in correlation, we can significantly reduce com-
binatorial background by selecting only one (from four)
combination, in which the 3z° invariant mass is closest to
the 7 mass. The distribution of m(32°) for this combination
is shown in Fig. 5(b) by the histogram. In the remaining
atza 7" combination the @ signal, shown by dots in
Fig. 5(b), has much lower background, and the fit yields
2796 £ 76 events in total. The 7772~ 37%y mass distribu-
tion is obtained by similar fitting in each 0.05 GeV/c?
interval.

Similarly, as an alternative for the wn events, we
determine the number of events by fitting the # signal
from the n — 7°2°2° decay: the simulated distribution is
shown in Fig. 5(c) (four entries per event). The fit functions
are the sum of three Gaussian functions and a polynomial
for the combinatoric background. This fit yields 2569 £ 79
events in total. The 7tz 37y mass distribution is also
obtained in each 0.05 GeV/c? interval.

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 by the number generated in

#” invariant mass for all selected MC-simulated events (four entries/event) with the fit functions

the same interval. By comparing the results of the four
different methods, we conclude that the total 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 background subtraction procedures. This
value is taken as an estimate of the systematic uncertainty
in the efficiency associated with the simulation model
used and with the fit procedure. We average the four
efficiencies in each 0.05 GeV/c? mass interval and fit the
result with a third-order polynomial function, shown in
Fig. 6. Although the signal simulation accounts for all »
decay modes, the efficiency calculation considers only the
n — 1°72°2° decay mode. From Fig. 6 it is seen that the
reconstruction efficiency is about 2%, roughly indepen-
dent of mass. The result of this fit is used for the cross
section calculation.

This efficiency estimate takes into account the geomet-
rical acceptance of the detector for the final-state photons
and the charged pions, the inefficiency of the detector
subsystems, and the event loss due to additional soft-
photon emission from the initial and final states.

o
Q
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o
o
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--_-'-_|||||||||||:

Average efficiency

R P B B
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e

FIG. 6. The energy-dependent reconstruction efficiency for the

ete” = nta 797°%72°2° events. The curve shows the fit result,

which is used in the cross section calculation.
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Corrections to the efficiency that account for data-MC
differences are discussed below.

VI. THE 7n*z~4z° FINAL STATE

A. Number of z*z~4z% events

The solid histogram in Fig. 7(a) shows the m(yy) data of
Fig. 1(b) binned in mass intervals of 0.02 GeV/c?. The
dashed histogram shows the distribution of data from the y?
control region. The dotted histogram is the estimated
remaining background from the e*e~ — " 7~37° process.
No evidence for a peaking background is seen below
0.45 GeV/c? in either of the two background distributions.
We subtract the background evaluated using the y> control
region with the scale factor 1.0. The resulting m(yy)
distribution is shown in Fig. 7(b).

We fit the data of Fig. 7(b) with a combination of a signal
function, taken from a fit to simulated data, and a back-
ground function, taken to be a third-order polynomial. The
fit is performed in the m(yy) mass range from 0.0 to
0.45 GeV/c?. The result of the fit is shown by the solid and
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FIG. 7. (a) The fourth-photon-pair invariant mass m(yy) for

data in the signal (solid) and y> control (dashed) regions. The
dotted histogram shows the estimated remaining background in
the signal region from e*e™ — 7zt 7732, (b) The m(yy) invariant
mass for data after background subtraction. The curves are the fit
results as described in the text.
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FIG. 8. The invariant mass distribution of ztz~47° events

(black circles), obtained from the fit to the z° mass peak. The
contribution from non-ISR uds background is shown by red
squares.

dashed curves in Fig. 7(b). In total 7306 & 164 events are
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 7+~ 37%y invariant mass. The resulting
number of ztz~4x7° event candidates as a function of
m(ntn~4x°), including the peaking g background, is
shown by the data points in Fig. 8.

B. Peaking background

The major background producing a z° peak following
application of the selection criteria of Sec. IVA is from
non-ISR ¢gg events, the most important channel being
ete” - nta n°2°2°2°2° in which one of the neutral
pions decays asymmetrically, yielding a high-energy

4000

3000

2000

Events/0.02 GeV/c?

0002 03 04 05 o6 07
m(yy) (GeV/c?)

FIG. 9. The fourth-photon- pair invariant mass for the uds
simulation for the signal region ;(2 3nyy < 70 (solid histogram)

and the control region 70 < )(2”3” oy < 140 (dashed histogram).
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FIG. 10. The measured ete™ — 7772~ 7°2%2%72° cross section.

The uncertainties are statistical only.

photon that mimics an ISR photon. We apply all our
selection criteria and fit procedures to the non-ISR
light quark ¢qgq (uds) simulation. Figure 9 shows the
fourth-photon-pair invariant mass for <70 and

and 7 are

2
X 22372y
70 <43 40 ,, < 140: clear signals from a°
seen.

To normalize the uds simulation, we form the diphoton
invariant mass distribution of the ISR candidate with each
of the other photons in the event. A z° 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 in Fig. 8: the uds
background is negligible below 2 GeV/c?, but accounts for
more than half the total spectrum for around 4 GeV/c? and
above. We subtract this background for the cross section
calculation.

0,000

C. Cross section for ete™ - ntn a2’ n’x

The ete™ —» 77 7°2972°2° Born cross section is deter-

mined from

dNﬁﬂy( )
dE(Ec m. )eg(f)[rreg/]lTC( c.m. )(1 +5R)

0(2747°)(Ec.m.) = (1)

where E_ , is the invariant mass of the six-pion system;
dNg,, is the background-subtracted number of selected
six-pion events in the interval dE,,,, and eMC(E ) is
the corresponding detection efficiency from simulation.
The factor €2 accounts for the difference between data
and simulation in the tracking (1.0% =+ 1.0%/per track)
[10] and 7° (3.0% + 1.0% per pion) [19] reconstruction
efficiencies. The ISR differential luminosity df is
calculated using the total integrated BABAR luminosity
of 469 fb~! [9]. The initial- and final-state soft-photon
emission is accounted for by the radiative correction
factor (1 + &), which is close to unity within a percent
level for our selection criteria. The cross section
results contain the effect of vacuum polarization
because this effect is not accounted for in the lumi-
nosity calculation.

Our results for the et e~ — 7t 77 7°7%2%2 cross section
are shown in Fig. 10. The cross section exhibits a structure
around 1.7 GeV with a peak value of about 2 nb, followed
by a monotonic decrease toward higher energies. Because
we present our data in bins of width 0.050 GeV, compat-
ible with the experimental resolution, we do not apply an
unfolding procedure to the data. Numerical values for the
cross section are presented in Table I. The J/y region is
discussed later.

D. Summary of the systematic studies

The systematic uncertainties, presented in the previous
sections, are summarized in Table II, along with the
corrections that are applied to the measurements.

The three corrections applied to the cross sections sum
up to 15.5%. The systematic uncertainties are estimated as
12.4%. The largest systematic uncertainty arises from the
fitting and background subtraction procedures. This is

TABLE I.  Summary of the eTe™ — 7277 7%72°2%2° cross section measurement. The uncertainties are statistical only.

Ecpm (GeV) o (@b) E., (GeV) o(mb) E., (GeV) omb) E., (GeV) o6 @mb)  E., (GeV) o (nb)
1.425 0.03 +0.05 2.075 1.69 +0.21 2.725 0.94 +0.14 3.375 0.60 = 0.10 4.025 0.02 £ 0.06
1.475 0.17 +0.06 2.125 1.46 +0.20 2.775 1.12+0.14 3.425 0.45 +0.09 4.075 0.18 £ 0.06
1.525 0.47 +0.08 2.175 1.96 £0.19 2.825 0.78 £ 0.13 3.475 0.71 £ 0.10 4.125 0.11 £0.06
1.575 0.92 +£0.13 2.225 1.46 £0.19 2.875 0.99 £0.14 3.525 0.40 £0.08 4.175 0.18 £ 0.06
1.625 1.92 £0.18 2.275 1.44 £0.18 2.925 1.16 £0.14 3.575 0.41 £0.08 4.225 0.10 £0.05
1.675 2.134+0.21 2.325 1.11 £ 0.15 2.975 0.92 +0.14 3.625 0.48 +0.09 4.275 0.13+£0.05
1.725 1.99 + 0.20 2.375 1.45+0.18 3.025 0.68 =0.15 3.675 0.46 +0.09 4.325 0.21 £ 0.06
1.775 1.88 +0.20 2.425 1.60 +0.17 3.075 1.75 +0.17 3.725 0.32 +0.10 4.375 0.13 £ 0.05
1.825 1.83 +0.20 2.475 1.15+0.15 3.125 1.61 £ 0.16 3.775 0.24 +0.08 4.425 0.07 £0.05
1.875 1.48 £0.18 2.525 1.33 £0.16 3.175 0.75+0.13 3.825 0.10 +0.09 4.475 0.01 £0.04
1.925 1.96 +0.21 2.575 1.26 £0.16 3.225 0.72 £ 0.10 3.875 0.18 +0.07

1.975 1.49 £0.20 2.625 1.30 £0.15 3.275 0.75 £0.10 3.925 0.13 £0.06

2.025 1.76 £ 0.21 2.675 1.07 £0.14 3.325 0.85 +0.11 3.975 0.10 = 0.06
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TABLE II. Summary of the systematic uncertainties in the
ete™ - 7t 7%2%7°2° cross section measurement. The total

uncertainly is computed assuming no correlations.

Source Correction Uncertainty
Luminosity e 1%
MC-data difference in

ISR photon efficiency +1.5% 1%

x> cut uncertainty e 3%

Fit and background subtraction e 10%
MC-data difference in track losses +2% 1%
MC-data difference in z° losses +12% 4%
Radiative corrections accuracy e 1%

Efficiency from MC e 5%
(model-fit-dependent)

Total +15.5% 12.4%

estimated by varying the background levels and the
parameters of the functions used.

E. Overview of the intermediate structures

The ete™ — 272 7%2%2°7° process has a rich internal

substructure. To study this substructure, we impose the

700 F
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300F

Events/0.01 GeV/c?

200F

100F

restriction m(yy) < 0.35 GeV/c?, eliminating the region
populated by ete™ — zt7~2%2°2%, but with some level
of the background remaining. We then assume that the
m(ntn~37%y) invariant mass can be taken to re-
present m(ztz=4z0).

Figure 11(a) shows the distribution of the 7°z%z°
invariant mass (four entries per event). The distribution
is seen to exhibit a prominent # peak, which is due to the
ete™ — natn 7" reaction. Figure 11(b) presents a scatter
plot of the 7°2°2° vs the z72~ 2" invariant mass. From
this plot, the wn intermediate state is seen. Figure 11(c)
presents a scatter plot of the 3z° invariant mass versus
m(z* 7= 32%ry).

The distribution of the zTz~z° invariant mass (four
entries per event) is shown in Fig. 12(a). A prominent @
peak from e*e™ — w37° is seen. The scatter plot in
Fig. 12(b) shows 7°2°2° vs the 7772~ 7° invariant mass
for events from Fig. 11(b) when only the 3z° combination
with the invariant mass closest to the nominal 7 mass is
kept. Correlated # and @ production is seen. A scatter
plot of the 7t7~7° vs the 7727 32%y mass is shown in
Fig. 12(c). A clear signal for a J/y peak is also observed.

pag
(e}

06 0.

m(3n°) (GeV/c?)

FIG. 11.
invariant mass vs the six-pion invariant mass.

m(r*n-n°) (GeV/c?)

(a) The 7°2°2° invariant mass (four combinations per event). (b) The 7%z

2 4 16 3 35 4 45

m(2n3n°yy) (GeV/c?)

0 0 0.0

7° vs the 777~ 2" invariant mass. (c) The 7°2°7%

FT T T T T T B Fr
12001 ] 16:
ook (@) ] °F
%' T 14
= r 1 ©
> 1 S F
D 800 1 312k
S"—) L 1 @ r
O 600F 1 =
<] L ] c% F
@ r 1 2os
£ 400[ 4
§ i | F 0.6
W 200F . ’
C ] 0.4
0 A R R B B Lol v p il i
04 06 08 1 12 14 16 06 08 1

m(r*n-n°) (GeV/c?)

FIG. 12.

KR P N
m(rn-n°) (GeV/c?)

3 35
m(2n3n’yy) (GeV/c?)

00

(a) The 7t 7z~ #° invariant mass (four combinations per event). (b) The same as Fig. 11(b) but the z°2°z° invariant mass

closest to the 5 mass is selected (one entry per event). (¢) The z7z~z" invariant mass vs the six-pion invariant mass.
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FIG. 13. (a) The z*z~ (shaded), z* z°

and for p7). (b) The z*7° vs the 3z invariant mass (eight combinations per event). (c) The z*7

invariant mass.

Figure 13(a) shows the 7 z%(solid) and z~z°(points)
invariant masses (four entries per event). Prominent
p(770)* peaks, corresponding to ete™ — p*aF37° (or
pTpT22Y), are visible. The shaded histogram shows the
presence of the p° signal. The scatter plot in Fig. 13(b)
shows the 7 7° vs the 37° invariant mass. An indication of
the pTnFn (or p’na’—not shown) intermediate state is
visible. Figure 13(c) shows the 7z invariant mass vs the
six-pion invariant mass: a clear signal for the J/y and an
indication for the w(2S) are seen.

F. The nn*z~ 7’ intermediate state

To determine the contribution of the nz*z~z° inter-
mediate state, we fit the events of Fig. 11(a) using a
triple-Gaussian function to describe the signal peak, as in
Fig. 5(c), and a polynomial to describe the background. The
result of the fit is shown in Fig. 14. We obtain 1539 + 89
nrtn~n® events. The number of nz*z~z° events as a
function of the six-pion invariant mass is determined by
performing an analogous fit to the events in Fig. 11(c) in
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FIG. 14. The 3z° invariant mass for data. The curves show the
fit functions. The solid curve shows the 5 peak (based on MC
simulation) plus the non-z continuum background (dashed).
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"4 45
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(solid), and z~z" (points with errors) invariant masses (four combinations per event for p*

O invariant mass vs the six-pion

each 0.05 GeV/c? interval of m(z"z~4x°). The resulting
distribution is shown in Fig. 15 by triangles in comparison
with all zT7~ 42" events (dots).

Using Eq. (1), we determine the cross section for the
ete™ — natn x° process. The results, which account for
the # — 37° branching fractions of 0.327, are reported in
Fig. 16 and Table III. Systematic uncertainties in this
measurement are the same as those listed in Table II.
Figure 16 shows our measurement in comparison to the
SND result [33] and to those from the CMD-3 experiment
[34]. These previous results are based on a different 5 decay
mode from that considered here. The insert shows an
expanded view for the c.m. energies below 2 GeV, where
the resonance, interpreted as the w(1650), dominates. The
results of the three experiments are seen to agree within the
uncertainties.

G. The nw intermediate state

To determine the contribution of the nw intermediate
state to the nzt 7~ 7" events, we select the 37° combination

) HH* +*+ +h
§ oo h | H A E
o o ++¢++¢++:
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N
[6)]

FIG. 15. The m(z*z~42") invariant mass dependence of the
selected data events for eTe™ — yata~z%, n — 37° (triangles) in
comparison with all six-pion events (dots).
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FIG. 16. Comparison of the current results (dots) for the
ete” — mt % cross section with those from the SND experi-
ment with n — yy, shown by squares [33] and with those from the
CMD-3 experiment, also based on n — yy, shown by triangles
[34]. The insert shows an expanded view of the resonant region.

with the invariant mass closest to the nominal # mass,
Mmin(37°), and search for the w signal in the remaining
a2~ n° combination. Figure 17(a) shows the m,(37°)
distribution; Fig. 17(b) is the distribution for the corre-
sponding 7+ 7~ z° invariant mass in the event. An additional
requirement  m;,(37°) < 0.7 GeV/c?> is  applied.
Prominent @ and ¢ peaks are seen. The latter arises from
the eTe™ — ng, p — ntn~7° reaction.

We fit the events of Fig. 17(b) using a double-Gaussian
function to describe the signal from the @ and ¢ peaks,
and a polynomial to describe the background. We obtain
351 £43 and 100 £ 32 nw and n¢ events, respectively.
The number of #w and ¢ events as a function of the six-
pion invariant mass is determined by performing an
analogous fit to the events in each 0.05 GeV/c? interval
of m(z*tn=4x%). The resulting distributions are shown
in Fig. 18.
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FIG. 17. (a) The 3z° invariant mass closest to the # mass.

(b) The ztz~z° invariant mass for events with m,(37°) <
0.7 GeV/c?. The curves show the fit functions. The solid curve
shows the @ and ¢ peak (based on MC simulation fit) plus the
continuum background (dashed).

Using Eq. (1), we determine the cross section for the
ete” — nw process. The results, accounting for the z
branching fractions, are reported in Fig. 19 and listed in
Table I'V. Systematic uncertainties in this measurement are
the same as those listed in Table II. Figure 19 shows our
measurement in comparison to the BABAR result [11] (open
circles), the SND result [33] (squares), and the CMD-3
result [34] (triangles). The insert shows an expanded view
of the resonant region, where signal from the w(1650)
dominates. These previous results are based on different #
decay modes (7 — 272~z for BABAR, n — yy for SND
and CMD-3) from that considered here. The results from
the different experiments are seen to agree within the
uncertainties. Including the results of the present study, we
have thus now measured the e™e™ — nw cross section in
two different # decay modes.

The observed contribution from the e™ e~ — 5¢ reaction
is small and we do not calculate its cross section.

H. The w37° intermediate state

To determine the contribution of the @37z" intermediate
state, we fit the events of Fig. 12(a) using a BW function

TABLE III.  Summary of the eTe™ — yatz~7° cross section measurement. The uncertainties are statistical only.

Ecwm (GeV) o (b) E., (GeV) omb) E., (GeV) omb) E., (GeV) o6 @mb) E., (GeV) o (nb)
1.425 0.08 £ 0.46 2.075 0.96 +0.53 2.725 0.21 £0.23 3.375 0.14 £0.12 4.025 0.07 £ 0.07
1.475 0.90 +£0.39 2.125 0.71 £0.54 2.775 0.11 £0.19 3.425 0.06 £0.12 4.075 0.07 £0.07
1.525 0.45 £0.61 2.175 1.33 £0.48 2.825 0.16 £0.23 3.475 0.47 £0.13 4.125 0.18 £0.07
1.575 1.57 £0.75 2.225 0.11 £0.42 2.875 047 £0.24 3.525 0.16 £0.12 4.175 0.07 £0.05
1.625 4.80 £0.99 2.275 0.77 £0.42 2.925 0.60 £0.22 3.575 0.08 £0.09 4.225 0.12£0.05
1.675 5.09 £ 1.01 2.325 0.39 £0.37 2.975 0.50 £0.23 3.625 0.15+0.11 4.275 0.09 +0.05
1.725 4.07 £ 0.95 2.375 0.88 +0.33 3.025 0.4140.23 3.675 0.10 £0.10 4.325 0.00 +0.02
1.775 2.35+0.82 2.425 1.03 £0.37 3.075 2.534+0.32 3.725 0.29 £0.14 4.375 0.02 +£0.05
1.825 3.05£0.76 2475 0.26 +0.33 3.125 1.83 £0.28 3.775 0.36 £0.12 4.425 0.04 £0.04
1.875 0.31 £0.66 2.525 0.65 £0.25 3.175 0.20 £0.21 3.825 0.05 £0.06 4.475 0.06 +0.04
1.925 2.13£0.75 2.575 0.08 £0.26 3.225 0.32 £0.18 3.875 0.07 £ 0.08

1.975 1.04 £ 0.65 2.625 1.04 £0.31 3.275 0.134+0.14 3.925 0.00 £ 0.14

2.025 0.65 £ 0.60 2.675 0.53+0.28 3.325 0.17 £0.15 3.975 0.18 £0.08
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FIG. 19. Comparison of the current results (dots) for the
ete” = nw cross section with those from BABAR with
n — a"z~x°, shown by open circles [11], from the SND experi-
ment with # — yy, shown by squares [33], and with those from
the CMD-3 experiment, also based on # — yy, shown by triangles

[34]. The insert shows an expanded view of the resonant region.

to model the signal and a polynomial to model the
background. The BW function is convolved with a
Gaussian distribution that accounts for the detector reso-
lution. The result of the fit is shown in Fig. 20(a). We obtain
2808 =+ 180 w3x° events. The number of w37 events as a
function of the six-pion invariant mass is determined by
performing an analogous fit of events in Fig. 12(c) in each
0.05 GeV/c? interval of m(z*zn~4z°). The resulting dis-
tribution is shown in Fig. 20(b).

For the e*e™ — w3n” channel, there can be a peaking
background from ete™ — @27° when the fourth 7° is
formed from background photons. A simulation of this
reaction with proper normalization leads to the peaking
background estimation, which is found to be small as
shown in Fig. 20(b). There is also a small peaking back-
ground from the generic uds reaction. Finally, we need to
remove events with correlated @ and # production in the wy
final state, described in Sec. VI G and shown in Fig. 20(b).
These contributions are subtracted from the w3z° signal
candidate distribution.

The ete™ — w370 cross section, not associated with nw
and corrected for the @ — 7772~ 7" branching fraction, is
shown in Fig. 21 and summarized in Table V. The
uncertainties are statistical only. The systematic uncertain-
ties are about 12%. No previous measurement exists for this
process. The cross section exhibits a rise at threshold, a
decrease at large E_, with a signal from J/y, and a
possible resonance activity around 1.7-2.0 GeV.

I. The p(770)*z¥3x" 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 eight p* candidates per event, leading to a large
combinatoric background. To extract the contribution of the
pTaT37° intermediate state we fit the events in Fig. 13(a)
with a BW function to describe the signal and a polynomial

TABLE IV. Summary of the e"e™ — 5w cross section measurement. The uncertainties are statistical only.

E.m (GeV) o @mb) E., (GeV) omb) E., (GeV) omb) E., (GeV) o @mb) E., (GeV) o (nb)
1.425 0.11 £0.22 2.075 0.14 £0.15 2.725 0.05 £ 0.04 3.375 0.08 - 0.08 4.025 0.00 +£0.03
1.475 027 +£0.22 2.125 0.12+0.11 2.775 0.09 £+ 0.05 3.425 0.03 £0.05 4.075 0.02 £0.04
1.525 042 +£0.31 2.175 0.18 £0.12 2.825 0.07 £0.05 3.475 0.04 £0.03 4.125 0.05 £0.02
1.575 1.24 £0.36 2.225 0.00 +0.08 2.875 0.07 £0.05 3.525 0.08 £ 0.05 4.175 0.00 £ 0.04
1.625 2.16 £0.40 2.275 0.12+0.09 2.925 0.09 £ 0.06 3.575 0.00 +£0.03 4.225 0.00 £0.02
1.675 1.98 £ 0.40 2.325 0.06 +£0.07 2.975 0.09 £ 0.06 3.625 0.04 £0.03 4275 0.01 £0.03
1.725 1.06 +0.34 2.375 0.13 +£0.09 3.025 0.05 +0.06 3.675 0.04 +£0.03 4.325 0.00 +0.04
1.775 0.33 £0.28 2.425 0.12 £0.07 3.075 0.38 £0.10 3.725 0.00 £ 0.04 4.375 0.01 £0.01
1.825 0.62 +£0.28 2475 0.14 +£0.08 3.125 0.21 +£0.08 3.775 0.04 £0.03 4.425 0.00 +0.03
1.875 0.28 £0.22 2.525 0.13+£0.08 3.175 0.07 £0.06 3.825 0.01 £0.02 4.475 0.00 +£0.03
1.925 0.10 £ 0.24 2.575 0.10 £ 0.05 3.225 0.11 £0.04 3.875 0.03 +£0.03

1.975 0.31+0.19 2.625 0.15+£0.07 3.275 0.04 £ 0.04 3.925 0.03 £0.02

2.025 0.46 +0.19 2.675 0.08 +0.05 3.325 0.05 +£0.08 3.975 0.03 £ 0.02
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FIG. 20. (a) The z"z~ 7" invariant mass for data. The solid
curve shows the fit function for signal (based on a fit to MC
simulation) plus the polynomial for the combinatorial back-
ground (dashed curve). (b) The mass distribution of the ztz~4z"
events in the w peak (open squares) and the estimated contribu-
tion for wn (triangles), w2z (circles), and uds (filled squares).

to describe the background. The parameters of the p
resonance are taken from Ref. [29]. The result of the fit
is shown in Fig. 22(a). We obtain 5965 + 667 combinations
with p* signals. The distribution of these events vs the
six-pion invariant mass is shown by the triangle symbols in
Fig. 22(b), while a similar fit for the uds simulation is
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FIG. 21. The energy-dependent e*e™ — w3z° cross section in
the 7t 7~ 4x° mode.

shown by squares. The uds background dominates at
higher energies.

We expect more than one p* per event, namely that there
is a significant production of eTe™ — p*p~27°. Because of
the large combinatoric background, we do not perform a
study of correlated p*p~ production.

A similar study of the p°4z° final state yields 407 4 45
events in total, but obtained mass dependence is not reliable
for this contribution.

J. The sum of intermediate states

The circle symbols in Fig. 23 show the total number of
ntn4x° events, already shown in Fig. 8. We perform a
sum of the number of yz*7~ 7% @37°, nw, uds, and
piﬂ':F3ﬂ'O intermediate-state candidates, found as described
in the previous sections, and we show this sum by the
square symbols in Fig. 23. This summed curve is seen to be
in agreement with the total number of zt7z =4z events
except in the region above 2.5 GeV, where the sum is
dominated by the p* signal extraction. The observed
overcount indicates a possible contribution from correlated
pTp~ production.

VIL THE z* 7~ 32 FINAL STATE

A. Determination of the number of events

An analogous approach to that described above for
ete” —» nta4n° events is used to study ete” —
atn32% events. We fit the 5 signal in the fourth-
photon-pair invariant mass distribution [cf. Fig. 7(b)] to
the 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. 24(a). We
obtain 870 + 52 events. Figure 24(b) shows the mass
distribution of these events.

B. Peaking background

The major background producing an # peak is the non-
ISR background, in particular e* e~ — 7+ 7~42 in which
one of the neutral pions decays asymmetrically, producing
a photon interpreted as ISR. The #n peak from the uds
simulation is visible in Fig. 9. We fit the n peak in the uds
simulation in intervals of 0.05 GeV/c? in m(z* 2~ 32%y).

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 7 peaks in data and uds simulation, we assign
a scale factor of 1.5 4= 0.2 to the simulation. The results are
shown by the squares in Fig. 24(b). We subtract these
events from the data distribution.

C. Cross section for e*e~ — z* 7~ 3%

The cross section for ete™ — 7t 7732 is determined
using Eq. (1). We assume the same detection efficiency for
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TABLE V. Summary of the e*e™ — wz’7z%7° cross section measurement. The uncertainties are statistical only.

Ecm (GeV)  o@mb)  Ecn (GeV) o @mb) E.p (GeV) o @mb)  Ecp (GeV) o @mb)  E.pn (GeV) o (nb)
1.425 0.13+0.15 2.075 0.98 +£0.22 2.725 0.28 £0.11 3.375 0.05 +£0.05 4.025 0.11+£0.03
1.475 —0.03 £0.12 2.125 0.81 £0.21 2.775 0.29 £0.10 3.425 0.24 £ 0.06 4.075 0.08 £0.03
1.525 0.22 +£0.19 2.175 0.47 +£0.19 2.825 0.32+0.10 3.475 0.16 £ 0.06 4.125 0.02 +£0.03
1.575 -0.02 £0.22 2.225 0.92+0.18 2.875 0.36 £0.10 3.525 0.05 +£0.05 4.175 0.05 £0.02
1.625 0.25 £0.30 2.275 0.68 +0.17 2.925 0.22 +£0.09 3.575 0.14 +£0.05 4.225 0.04 £0.02
1.675 0.57 +£0.31 2.325 0.84 £0.17 2.975 0.28 £ 0.09 3.625 0.17 £0.05 4.275 0.06 +0.03
1.725 0.61 £0.29 2.375 0.69 £0.16 3.025 0.51+0.10 3.675 0.13 +£0.05 4.325 0.07 £ 0.02
1.775 1.11 £0.28 2.425 0.39£0.14 3.075 0.36 =0.10 3.725 0.06 £ 0.04 4.375 0.02 £0.04
1.825 1.44 +£0.30 2.475 0.44 +£0.13 3.125 0.34 +£0.09 3.775 0.08 £ 0.04 4.425 0.00 £0.02
1.875 0.77£0.25 2.525 0.55+0.15 3.175 0.23 £0.07 3.825 0.06 £+ 0.04 4.475 0.02 +£0.01
1.925 1.01 £0.25 2.575 0.36 £0.12 3.225 0.17 £ 0.07 3.875 0.13 £ 0.04

1.975 0.85+0.24 2.625 047 £0.12 3.275 0.28 +0.07 3.925 0.10 £ 0.04

2.025 1.09 £ 0.24 2.675 0.29 £0.10 3.325 0.20 £ 0.06 3.975 0.06 £0.03

the photons from the 7° — yy and 5 — yy decays. The
results are shown in Fig. 25 and listed in Table VI. These
are the first results for this process. The systematic
uncertainties and corrections are the same as those pre-
sented in Table II except that the uncertainty in the
detection efficiency increases to 15%.
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FIG. 22. (a) The z*2° 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 0.05 GeV/c? in the
T 7~ 37%y mass. The squares show the contribution from uds
background.
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FIG. 23. The circles show the number of events determined

from the #° fit. The squares show the sum of the number of events
with an 7, w, p, or uds contribution.

The cross section is sizable above 2 GeV. Since this is
above the energy range where the final states are summed
for the (g, —2) value calculation, we do not attempt to
study the intermediate channels.
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FIG. 24. (a) The expanded view of Fig. 7(b). The solid curve
shows the sum of background and the two-Gaussian fit function
used to obtain the number of events with an #. (b) The invariant
mass distribution for the 7z~ 32% events obtained from the 7
signal fit. The contribution of the uds background events is
shown by the squares.
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VIIL THE J/y REGION
A. The n*z~4x° final state

Figure 26(a) shows an expanded view of the J/y mass
region from Fig. 8 for the six-pion data sample. Signals
from J/y — 22~ 4x2° and yw(2S) —» 2t 2~ 42° are seen.
The nonresonant background distribution is well described
by the second-order polynomial function in this region.

The observed peak shapes are not purely Gaussian
because of radiation effects and resolution, as seen in
the simulated signal distributions shown in Fig. 26(b). The
sum of two Gaussians is used in the fit. We obtain 340 £ 42
J/y events and 28 + 19 y(2S) events. Using the results for
the number of events, the detection efficiency, and the ISR
luminosity, we determine the product

o VU = wadnt) i,
“ " 6x*-dL/dE - eMC . ¢ . C
= (35.8+44+54) eV, 2)

BJ/l//—>6ﬂ '

where r‘ié*” is the electronic width, d£/dE = 180nb~! /MeV
is the ISR luminosity at the J/y mass m;,,, eM° = 0.018 &
0.002 is the detection efficiency from simulation with the
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FIG. 26. (a) The 7" 7~4x° mass distribution for ISR-produced
ete” — ntn 47" events in the J/y—y(2S) region. (b) The MC-
simulated signals. The J/w—y/(2S) signals ratio is arbitrary. The
curves show the fit functions described in the text.

corrections € = (.85, discussed in Sec. VID, and C =
3.894 x 10! nbMeV? is a conversion constant [29]. We
estimate the systematic uncertainty for this region to be 15%.
The subscript “67” for the branching fraction refers to the
at 42 final state exclusively.

Using [/} =5.55+0.14 keV [29], we obtain By, s, =
(6.5+£0.841.0) x 1073; no other measurements for this
channel exist.

Using Eq. (2) and the result d£/dE = 228 nb~! /MeV at
the y(2S) mass, we obtain

Byosj—er - Th) = (33423 +05) eV.
With T/ = 2.34 + 0.06 keV [29] we find B,,(25)~6r —

(1.4 4+ 1.0 £0.2) x 1073, For this channel also, no pre-
vious result exists.

1. The nr* n~n° nw intermediate states

Figure 27(a) shows an expanded view of Fig. 15 with the
a7~ 4x° mass distribution for events obtained by a fit to
the 37° mass distribution to select events with an 7. The
two-Gaussian fit, implemented as described above, yields
200 + 16 and < 20 events at 90% C.L. for the J/y and
w(2S), respectively. Using Eq. (2) we obtain

TABLE VI. Summary of the ete™ — 7272~ 7°2%2% cross section measurement. The uncertainties are statistical only.

E. (GeV) o (@mb) E., (GeV) o(@mb) E., (GeV) o (@b) E., (GeV) o (@mb) E., (GeV) o (nb)
1.925 0.05 +=0.05 2.475 0.34 +0.08 3.025 0.10 +0.07 3.575 0.04 +0.05 4.125 0.03 +0.04
1.975 0.04 +0.05 2.525 0.13 +0.08 3.075 1.00 £ 0.13 3.625 0.04 +0.05 4.175 0.04 £0.03
2.025 0.01 £0.06 2.575 0.09 +0.04 3.125 0.70 £0.11 3.675 0.19 £ 0.06 4.225 0.03 +0.03
2.075 0.08 +0.08 2.625 0.18 +0.07 3.175 0.18 +0.07 3.725 0.04 +0.05 4275 0.08 + 0.04
2.125 0.04 +0.06 2.675 0.10 + 0.06 3.225 0.08 +0.07 3.775 0.13 +0.05 4.325 0.02 +0.03
2.175 0.16 +0.08 2.725 0.13 +0.07 3.275 0.13 +0.07 3.825 0.11 +0.05 4.375 0.04 +£0.03
2.225 0.07 +=0.07 2.775 0.02 +0.06 3.325 0.18 +0.06 3.875 0.03 +0.04 4.425 0.05 +0.03
2.275 0.20 £0.10 2.825 0.15 +0.08 3.375 0.08 +0.05 3.925 0.03 +0.04 4.475 0.02 £0.02
2.325 0.17 +=0.08 2.875 0.12 +£0.06 3.425 0.20 = 0.06 3.975 0.05 £ 0.04

2.375 0.18 +-0.08 2.925 0.20 +0.09 3.475 0.11 +0.07 4.025 0.06 +0.10

2.425 0.05 +0.11 2.975 0.25 +0.08 3.525 0.20 +0.06 4.075 0.05 +0.04

112004-16



STUDY OF THE REACTIONS ...

PHYS. REV. D 104, 112004 (2021)

140F T T T T L B s e o A

o 1 o
L ] 40 o L
= 120f (a) 1w S 3
S 100 13 8 (G}

L 1 [Te)
8 Q30 8 60 p=
S eof 13 = 2
2 <) = =
c B 20 2 S
g 6of 1 2 € 40 s
@ 1 9 3 g
® 0 + } 1 210 % 20 &
r 1 9]
' 20f ++ 1 ° 3 &
= B —— d ® 4

0 1 | | | | 1 0 " PR ca o Lo bVl gl g 19 O 1 Il Il Il Il 1 0 1 Il Il Il Il 1
28 3 32 34 36 38 28 3 32 34 36 38 28 3 32 34 36 38 28 3 32 34 36 38
m(r*3n0yy) (GeV/c?) m(r*n3n%yy) (GeV/c?) m(rn*n 3n%yy) (GeV/c?) m(rn*n 3n%yy) (GeV/c?)
FIG. 27.

states. The curves show the fit functions described in the text.

Byjyprwsd Byozm THY = (211 £1.7£3.2) eV,

BV/(ZS)—>1’[7I+7z’7[O . B”_>3”0 . FZ;QS) < 3 eV.

Using B, 3,0 = 0.3268 and the value of I, from Ref. [29],
we obtain By, .0 = (119409 £2.3) x 107 and
By (28)—prr> < 3.5x 1077 at 90% C.L. There are no
other measurements of these decays.

Similarly, the expanded view of Fig. 18 is shown in
Fig. 27(b) for the subsample of zt7z~42° events with
n = 37° and an additional signal from @ — 7+ 7~ 7°. The
fit yields 47 £ 20 events corresponding to

By Byosnd Byossiw o Tl = (494£2.1£0.7) eV,

which yields Bj),_,, = (3.0 £13£0.5) x 107, com-
patible with the current world average result B, _,,, =
(1.74 0.20) x 1073 [29].

We can set only an upper limit for the y(2S) - nw
decay: we observe < 20 events -corresponding to

TABLE VIL

The J/y region for the 7+ 7~ 4x° events for the selection of (a) yztz~7°, (b) nw, (c) @32°, and (d) z+z~32% intermediate

By, (25)nw < 14x107* at 90% C.L., consistent with the
world average value < 1.1 x 107 [29].

2. The w3n® intermediate state

The expanded view of Fig. 20(b) is shown in Fig. 27(c).
The fit yields 89 + 22 for the J/w — @32° events corre-
sponding to

B//l//—>a)37z0) 'Bm—nz*;r;zﬂ . F}{(/gv/ = (94 +23+ 15) eV,
B jymase = (1.9£0.5+£0.3) x 1072,

We use B, _ o = 0.892 from Ref. [29]. No other
measurements are available for this decay mode.

We can set only an upper limit for the y/(2S) — @37°
decay: we observe < 14 events corresponding to
By 25)ma3m < 8x 107 at 90% C.L. which is the only
measured limit for this decay.

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

J/y or y(2S) branching fraction (107%)

Measured quantity Measured value (eV)  Derived, this work PDG [29]
. By m s g0 358+44+£54 6.5+0.8=£1.0 No entry
. Byt -2 * Byogngd 211 £1.7£32 119+£09+23 No entry
. By Bor g0 Byt 494+2.14+0.7 30£13+£05 1.74 +0.20
. I JY R : S 94+£23£15 1.9£05£03 No entry
. By jyrtamntmn  Buyy 106 £1.6+1.6 49+08=+0.38 No entry
l—\léle(zs)  By(25) o 5 st 33£23+£05 14+£1.0£02 No entry
rxé/e(ZS) 'Bw(25> — -B” 000 < 3.0 at 90% C.L. < 3.5 at90% C.L. No entry
r2s) “Byas)oan  Boor s - Byt < 1.1 at 90% C.L. < 1.4 at 90% C.L. < 0.11 at 90% C.L.
FZ’E(ZS) 'Bl,/(zs)—»wn“n"n“ N J—— < 1.6 at 90% C.L. < 0.8 at 90% C.L. No entry
F‘é’e(m 'By/(2S)—>n+ir’7r07ro7ror1 B,y < 1.9 at 90% C.L. < 2.0 at 90% C.L. No entry
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B. The n*z~ 32y final state

The expanded view of Fig. 24(b) is shown in Fig. 27(d).
The fit yields 101 & 16 for the J/yw — 272~ 32" events
corresponding to

Byjyrta3aiy By - TlY = (10.6 £ 1.6 £ 1.6) eV,
B jyontainty = (49 £0.8£0.8) x 1073,

We set an upper limit for the w(2S) — 7tz 32% decay:
we observe < 16 events at 90% C.L. corresponding to
By, 05)mntr3a0y < 2.0 X 1073, There are no previous results
for this final state.

C. Summary of the charmonium region study

The rates of J/y and w(2S) decays to ztz 4z°,
at 7~ 37%, and several intermediate final states have been
measured. The measured products and calculated branch-
ing fractions are summarized in Table VII together with
the available Particle Data Group [29] values for compari-
son. Most of the measurements are performed for the
first time.

IX. SUMMARY

The excellent photon-energy and charged-particle
momentum resolutions, as well as the particle identification
capabilities of the BABAR detector, allow the reconstruction
of the 7t7n~42° and 7+~ 32 final states produced at
center-of-mass energies below 4.5 GeV via initial-state
radiation in data collected at the Y'(4S) mass region.

The cross sections for the ete™ — 7tz~42° and the
ete™ — nt 7737 reactions have been measured for the
first time. The accuracies are 12% and 15%, respectively.

The selected multihadronic final states in the broad
range of accessible energies provide new information

on hadron spectroscopy. The observed ete™ — w3n°,
ete” = natna°, and e*e” — nw cross sections provide
additional information for the hadronic contribution cal-
culation of the muon g, — 2.

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