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We report the results on the channels e+ e− → π+ π− π0 π0 π0 (η),
e e → π π η. Also we present the study of the two-photon process e+ e− →
e+ e− η0 in the double-tag mode. The results for the form factor are compared
with the predictions based on pQCD and VMD. The results are obtained by using the full data set of about 470 fb−1 collected by the BABAR experiment at
the PEP-II e+ e− collider at a center-of-mass energy of about 10.6 GeV.
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1 Introduction
Uncertainties on vacuum polarization and on the data of two photon interaction are a limiting
factor in precise comparisons of data with the expectations of the Standard Model, such as
the value of the muon magnetic moment anomaly aµ . In this article we report the results
on the measurements of the channels e+ e− → π+ π− π0 π0 π0 (η) [1], e+ e− → π+ π− η [2] and
e+ e− → e+ e− η0 [3].

2 e+ e− → π+ π− π0 π0 π0
The previous measurements of the cross section of e+ e− → π+ π− π0 π0 π0 were performed
with very limited precision with detectors (M3N [4], MEA [5]). We simulate this channel
assuming production through the ω(782)π0 π0 and ηρ intermediate channels, with decay of the
ω(782) to three pions and decay of the η to all its measured decay modes. The reconstruction
efficiency is about 4%, roughly independent of mass. Measured cross section of the process
is shown in Fig. 1. The cross section exhibits a structure around 1.7 GeV with a peak value of
about 2.5 nb, followed by a monotonic decrease toward higher energies. Also we measured
for the fisrt time the values B(J/ψ → π+ π− π0 π0 π0 ) = (27.0 ± 0.7 ± 2.7) × 10−3 and B(ψ(2S ) →
π+ π− π0 π0 π0 ) = (5.2 ± 0.8 ± 0.5) × 10−3 . Figure 2 shows the number of ηπ+ π− (triangles),
ωπ0 π0 (upside-down triangles), and ρ± π∓ π0 π0 (squares) intermediate state events. Besides
events with single ρ meson production there are more than 50% events with two ρ mesons
ρ+ ρ− π0 . Amplitudes with ρ meson(s) are totally dominated above 2 GeV.
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Figure 1. The measured e+ e− → π+ π− π0 π0 π0
cross section. The uncertainties are statistical
only. The low energy region (Ec.m. < 2 GeV)
is dominated by ηπ+ π− and ωπ0 π0 amplitudes,
while (ρ± π∓ π0 π0 ) dominates at higher energies.

Figure 2. Number of events in bins of Ec.m.
from the ηπ+ π− (triangles), ωπ0 π0 (upsidedown triangles), and ρ± π∓ π0 π0 (squares) intermediate states. The circles show the total event
numbers of signal events.

3 e+ e− → π+ π− π0 π0 η

Cross section (nb)

The study of this process was performed in the same way as described in Sec. 2. This cross
section was measured for the first time and is shown in Fig. 3. The process is dominated
by the intermediate states ωπ0 η, φπ0 η, ρ(770)± π∓ π0 η and ρ(770)+ ρ(770)− η. The signal from
a0 (980)ρπ is seen. The data also allowed to measure for the first time the branching fraction
B(J/ψ → π+ π− π0 π0 η) = (2.30±0.33±0.35)×10−3 and set the limit B(ψ(2S ) → π+ π− π0 π0 η) <
0.35 × 10−3 at 90% C.L.
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Figure 4. The measured e+ e− → π+ π− η cross
section fitted with the four models described in
the text.

Figure 3. The measured e+ e− → π+ π− π0 π0 η
cross section. The uncertainties are statistical
only.

4 e+ e− → π+ π− η
This process was studied with BaBar detector in three main decay modes: η → 3π0 [1],
η → 2γ [2] and η → π+ π− π0 [7].
The cross section of e+ e− → π+ π− η(→ 2γ) was approximated by the VMD as shown
in Fig. 4. The models with one, two, and three excited states are tested. In Model 1, the
cross section data are fitted in the energy range Ec.m. = 1.2 − 1.70 GeV with two resonances,
ρ(770) and ρ(1450). The model with φρ(1450) = 0 fails to describe the data. The fit result
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with φρ(1450) = π is shown in Fig. 4 by the long-dashed curve. It is seen that Model 1 cannot
reproduce the structure in the cross section near 1.8 GeV.
In Models 2 and 3 we include an additional contribution from the ρ(1700) resonance with
phases φρ(1700) = π and 0, respectively. The fits are done in the range Ec.m. = 1.2–1.90 GeV.
Both models describe the data below 1.90 GeV reasonably well. Model 3 has better χ2
(P(χ2 ) = 0.58 instead of 0.03 for Model 2). Above 1.90 GeV the fit curves for both the
models lie below the data.
Model 4 is Model 3 with a fourth resonance ρ000 added. The phase φρ000 is set to zero. The
fitted energy range is extended up to 2.2 GeV. The fit result is shown in Fig. 4. The fitted
resonance mass mρ000 = 2.01 ± 0.04 GeV is between the masses of the ρ(1900) and ρ(2150)
states listed in the PDG table [10]. The fitted value gρ = 1.7 ± 0.3 GeV−1 agrees with the
VMD estimation of 1.57 ± 0.07 GeV−1 from the partial width ρ(770) → ηγ. It is seen that the
model successfully describes the cross section data up to 2.2 GeV. Above Ec.m. = 2.3 GeV
Model 4 lies below the data, which could be explained by another resonance. Alternatively,
the change of the cross section slope near 1.9 GeV may be interpreted without inclusion
of a fourth resonance, as a threshold effect due to the opening of the nucleon-antinucleon
production channel.
From the fit in Model 3 we obtain:
Γ(ρ(1450) → e+ e− )B(ρ(1450) → ηπ+ π− ) = (210 ± 24stat ± 10syst ) eV
Γ(ρ(1700) → e+ e− )B(ρ(1700) → ηπ+ π− ) = (84 ± 26stat ± 4syst ) eV

(1)

The model uncertainties of these parameters estimated from the difference of fit results for
Model 2, 3, and 4, are large, 20% for ρ(1450) and 80% for ρ(1700).
The CVC hypothesis and isospin symmetry allow the prediction of the π− π0 η mass spectrum and the branching fraction for the τ− → π− π0 ηντ decay from data for the e+ e− → π+ π− η
cross section [6]. The branching fraction can be calculated as:
B(τ− → π− π0 ηντ )
=
B(τ− → e− ν¯e ντ )

Z

m2τ

(2mπ +mη )2

2
dq2 σeI=1
+ e− →π+ π− η (q )

3|Vud |2 S EW q2
q2
q2
(1 − 2 )2 (1 + 2 2 ), (2)
2
2
2πα
mτ
mτ
mτ

where q2 is the squared 4-momentum of the π± π0 η system, |Vud | is the Cabibbo-KobayashiMaskawa matrix element, and S EW = 1.0194 is a factor taking into account electroweak
radiative corrections, and B(τ− → e− ν¯e ντ ) = 17.83 ± 0.04% [10].
We integrate Eq.(2) using the fit function for the cross section of Model 4 and obtain
B(τ− → π− π0 ηντ ) = (0.1616 ± 0.0026stat ± 0.0080syst ± 0.0011model )%
= (0.162 ± 0.009)%,

(3)

where the first error is statistical, the second is systematic, and the third is model uncertainty.
The latter is estimated from the difference between the branching fraction values obtained
with the cross section parametrization in Model 2 and Model 3 discussed in the previous
section.
The calculation based on the previous BaBar measurement of the π+ π− η → π+ π− π+ π− π0
final state [1] gives B(τ± → π± π0 ηντ ) = (0.1695 ± 0.0085stat ± 0.0136syst )%, compatible with
the result (3). The systematic uncertanties on the luminosity, radiative corrections, photon and
track efficiencies are the same for the new and previous BaBar measurements. Combining
the two BaBar values we obtain
B(τ− → π− π0 ηντ ) = (0.163 ± 0.008)%,

3

(4)
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Figure 6. Comparison of the measured γ? γ? →
η0 transition form factor (triangles, with error bars
representing the statistical uncertainties) with the
LO (open squares) and NLO (filled squares)
pQCD predictions and the VDM predictions (circles).

Figure 5. The Q2e− versus Q2e+ distribution for data
events. The lines and numbers indicate the five
regions used for the study of the dynamics of TFF
a function of Q2e− and Q2e+ .

which is in good agreement with, but more precise than, the estimate based on the SND
e+ e− → π+ π− η measurement (0.156 ± 0.011)% [11].
The PDG value of this branching fraction is B(τ− → π− π0 ηντ )exp = (0.139±0.010)% [10].
The difference between the experimental result and our CVC-based calculation is 1.8σ. The
difference, about 15% of the branching fraction, is too large to be explained by isospinbreaking corrections.

5 e+ e− → e+ e− η0
In this section we report on the measurement of the γ? γ? → η0 transition form factor (TFF) by
using the two-photon-fusion reaction e+ e− → e+ e− η0 . The TFF is defined via the amplitude
for the γ? γ? → η0 transition
T = −i4παµνβγ εµ1 εν2 qβ1 qγ2 Fη0 (Q21 , Q22 ),

(5)

where α is the fine structure constant, µναβ is the totally antisymmetric Levi-Civita tensor,
ε1,2 and q1,2 are the polarization vectors and four-momenta, respectively, of the space-like
photons, Q21,2 = −q21,2 , and Fη0 (Q21 , Q22 ) is the transition form factor.
We measure the differential cross section of the process e+ e− → e+ e− η0 in the double-tag
mode, in which both scattered fermions are detected (tagged). The tagged electrons emit
highly off-shell photons with momentum transfers q2e± = −Q2e± = (pe± − p0e± )2 , where pe± and
p0e± are the four-momenta, respectively, of the initial- and final-state electrons. We measure
for the first time Fη0 (Q21 , Q22 ) in the kinematic region with two highly off-shell photons 2 <
Q21 , Q22 < 60 GeV2 . This measurement of the TFF at large Q21 and Q22 allows the predictions
of models inspired by perturbative QCD (pQCD) to be distinguished from those of the vector
dominance model (VDM) [8, 9]. In the case of only one off-shell photon, both classes of
models predict the same asymptotic dependence F P (Q2 , 0) ∼ 1/Q2 as Q2 → ∞, while for
two off-shell photons the asymptotic predictions are quite different, F(Q21 , Q22 ) ∼ 1/(Q21 + Q22 )
for pQCD, and F(Q21 , Q22 ) ∼ 1/(Q21 Q22 ) for the VDM model.
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The decay chain η0 → π+ π− η → π+ π− 2γ is used to reconstruct the η0 meson candidate.
Data events that pass all selection criteria are divided into five (Q2e− , Q2e+ ) regions, as illustrated
on Fig. 5 for events with 0.945 < Mπ+ π− η < 0.972 GeV/c2 . Because of the symmetry of the
process under the exchange of the e− with the e+ , regions 3 and 4 each include two disjunct
regions, mirror symmetric with respect to the diagonal. The number of signal events in each
(Q2e− , Q2e+ ) region is obtained from a fit to the π+ π− η invariant mass spectrum with a sum of
signal and background distributions. The total number of signal events is 46.2+8.3
−7.0 . The total
systematic uncertainty related to the description of the background and signal is 3.7% and
the total systematic uncertainty of the detection efficiency is 11%. The obtained values of
the transition form factor are published in [3] and are represented in Fig. 6 by the triangles.
The error bars attached to the triangles indicate the statistical uncertainties. The quadratic
sum of the systematic and model uncertainties is shown by the shaded rectangles. The open
and filled squares in Fig. 6 correspond to the LO and NLO pQCD predictions, respectively.
The NLO correction is relatively small. The measured TFF is, in general, consistent with the
QCD prediction. The circles in Fig. 6 represent the predictions of the VDM model, which
exhibits a clear disagreement with the data.

6 Summary
Recent results on the study on the channels e+ e− → π+ π− π0 π0 π0 (η), e+ e− → π+ π− η and
e+ e− → e+ e− η0 obtained with BaBar detector are presented in the paper. For this research
we have received support from the Russian Foundation for Basic Research (grant No. 18-3201020).
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