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Abstract. New hadronic cross sections measured by the BABAR experiment are pre-
sented: e+e− → π+π−π0π0, e+e− → π+π−η, and the kaonic channels e+e− →
KSKLπ

0,KSKLπ
0π0,KSKLη,KSK±π∓π0,KSK±π∓η.

1 Experimental Setup

The B Factory BABAR at SLAC National Accelerator Laboratory in Stanford, USA achieved an inte-
grated luminosity of ∼ 518 fb−1 [1]. While running (mostly) at the Υ(4S ) resonance, this produced a
large data set for the study of hadronic cross sections via the process of Initial State Radiation (ISR).
This process takes place when one of the particles in the initial state (e+e−) radiates a photon. Since
the photon carries a certain amount of CMS-energy E∗γ, the squared center-of-mass energy s of the
collision ist lowered to s′ = s − 2

√
sE∗γ. Owed to the continuous spectrum of photon energies, this

gives access to a broad range of invariant masses over which hadronic cross sections may be measured.

2 The channel e+e− → π+π−π0π0

To date, the cross section e+e− → π+π−π0π0 was one of the contributions limiting the precision of ahad
µ

since especially at energies above 1.4 GeV no precise measurement existed. Therefore an analysis up
to an energy of 4.5 GeV is performed on the full BABAR data set using the ISR method [2].

The most important event selection requirements used in this analysis are

• exactly 2 charged tracks,

• ≥ 5 photons,

• Elab
γ > 0.05 GeV,

• |Mreco
π0 − MPDG

π0 | < 0.03 GeV,

• kinematic fit: χ2
2π2π0γ

< 30.

A small fraction of background events survives the selection requirements as shown in Fig. 1a.
These events are subtracted using Monte Carlo simulation. This is not possible for the channel e+e− →
π+π−3π0 since the full process has never been measured precisely, hence no Monte Carlo generator
exists for this process. Using the Monte Carlo samples of two subprocesses (e+e− → ω2π0 →

π+π−3π0 and e+e− → ηπ+π− → π+π−3π0) for the efficiency determination, the count rate of the
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(a) The backgrounds to π+π−2π0 data: uds-continuum,
π+π−π0, 2(π+π−π0), KsK±π∓, K+K−2π0, τ+τ−, and
π+π−3π0 as a function of M4π.

(b) Measured e+e− → π+π−3π0 count rate.

Figure 1: Contributions to the e+e− → π+π−2π0 backgrounds [2].

channel e+e− → π+π−3π0 was measured from BABAR data. The result is shown in Fig. 1b and enables
us to adjust the existing Monte Carlo samples to reflect the measured five pion mass distribution.
The adjusted Monte Carlo sample is then used in the subtraction of backgrounds from the channel
e+e− → π+π−2π0.

In order to cross check the simulation-based background subtraction, background is also sub-
tracted using a data-driven sideband method. Comparing the two background subtraction methods
yields a discrepancy of less than 1 % in the peak region around 1.5 GeV/c2. Above 2.7 GeV/c2 the
discrepancy increases to approximately 6 %. The discrepancies between the different background
subtraction methods serve as a measure for the corresponding systematic uncertainty.

Further systematic uncertainties are determined, especially concerning the π0 detection efficiency,
which gives an additional 2 % uncertainty over the full energy range. All other effects yield consider-
ably smaller uncertainties.

Combining all systematic uncertainties in quadrature results in 3.1 % for M4π from 1.2 to
2.7 GeV/c2, 6.7 % for M4π from 2.7 to 3.2 GeV/c2, and 7.1 % above 3.2 GeV/c2. In the region below
1.2 GeV/c2 the relative systematic uncertainty is mass-dependent.

The cross section result is shown in Fig. 2a including statistical uncertainties in comparison to
the existing data for this channel from the experiments ACO [4, 5], ADONE MEA [6–8], ADONE
γγ2 [9], DCI-M3N [10], ND [11], OLYA [12], and SND [13, 14]. A comparison to chiral perturbation
theory [3] in the low-mass region is shown in Fig. 2b.

From the new measurement an updated value of this channel’s contribution to aµ is extracted in
the energy range 0.85 <

√
s < 1.8 GeV:

aµ = (17.9 ± 0.1stat ± 0.6syst) × 10−10 .

In the wider range 0.85 <
√

s < 3.0 GeV the result is

aµ = (21.8 ± 0.1stat ± 0.7syst) × 10−10 .
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(a) The cross section e+e− → π+π−2π0 compared to
other measurements.
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(b) The cross section e+e− → π+π−2π0 in the low-mass
region compared to theory [3].

Figure 2: The cross section e+e− → π+π−2π0 [2].

For comparison with existing data in the energy range 1.02 <
√

s < 1.8 GeV, which resulted in
aµ = (16.76± 1.31± 0.20rad)× 10−10 [15], a new value in the same energy range is extracted, yielding
aµ = (17.4 ± 0.1stat ± 0.6syst) × 10−10. This comparison shows that the new BABAR measurement alone
improves the uncertainty of the previously existing world data set by more than a factor 2.

3 The channel e+e− → π+π−η

This channel was measured by BABAR before [16] using the decay η → π+π−π0 on approximately
half of the data set, leading to limited accuracy especially at energies above 2 GeV. In the new
measurement the decay η → γγ is investigated on the full data set. This leads to much improved
precision and an energy range reaching center-of-mass energies of 3.5 GeV.

The main selection criteria for the analysis are

• at least 2 charged tracks,

• ≥ 3 photons,

• Elab
γ > 0.1 GeV,

• 0.44 < Mreco
η < 0.64 GeV/c2.

Non-peaking background is subtracted by approximating of two photon invariant mass while
peaking background is subtracted using Monte Carlo samples normalized to data. The peak-
ing backgrounds are e+e− → π+π−π0η, e+e− → π+π−π0ηγ, and e+e− → K+K−ηγ. The sys-
tematic uncertainties of the analysis are dominated by the background subtraction and amount to
10 % for mπ+π−η < 1.35 GeV/c2, 4.5 % for 1.35 GeV/c2 < mπ+π−η < 1.80 GeV/c2, 6.5 % for
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(a) The cross section e+e− → ηπ+π−

compared to other measurements.
(b) The cross section e+e− → ηπ+π−

for large energies.
(c) The cross section e+e− → ηπ+π−

with VMD fits.

Figure 3: The cross section e+e− → ηπ+π−.

1.80 GeV/c2 < mπ+π−η < 2.50 GeV/c2, 11 % for 2.50 GeV/c2 < mπ+π−η < 3.10 GeV/c2, and 12 %
for mπ+π−η > 3.10 GeV/c2.

After background subtraction and efficiency correction, the cross section shown in Fig. 3a is ex-
tracted. It significantly improves the measurement precision compared to previously available data,
especially in the high energy region shown in Fig. 3b. The cross section can be compared to several
VMD models, which are fitted to the data. Four models are studied, where model 1 contains the res-
onances ρ(770) and ρ(1450) with relative phase 180◦. Model 2 contains the resonances ρ(770) with
phase 0◦ and ρ(1450) as well as ρ(1700) with phase 180◦. Model 3 contains the resonances ρ(770) as
well as ρ(1700) with phase 0◦ and ρ(1450) with phase 180◦. Model 4 contains the resonances ρ(770),
ρ(1700), ρ(2150) with phase 0◦ and ρ(1450) with phase 180◦. Model 1 is fitted to data for energies
ECM < 1.7 GeV, while models 2 and 3 are fitted up to ECM < 1.9 GeV and for model 4 the energy
range up to ECM < 2.2 GeV is used. It is observed in Fig. 3c that all fitted models describe data
reasonably for energies below 1.7 GeV. Model 1 deviates from data for higher energies and Models 2
and 3 fail above 1.9 GeV, as expected from the fit ranges.

4 The channels e+e− → KSKLπ
0,KSKLπ

0π0,KSKLη,KSK±π∓π0,KSK±π∓η

Among the final states containing kaons several channels have never been measured or are only known
with very limited precision.

The processes e+e− → KSKLπ
0,KSKLπ

0π0,KSKLη are measured for the first time [17] in the
energy range from threshold to 4 GeV and the results are shown in Fig. 4. Their systematic un-
certainties are 10 – 30 % for e+e− → KSKLπ

0, 15 – 30 % for e+e− → KSKLη, and 25 – 60 %
for e+e− → KSKLπ

0π0, all in the energy range below 3 GeV. Besides the cross sections also the
J/ψ branching fractions are extracted, amounting to BJ/ψ→KSKLπ0 = (2.06 ± 0.24 ± 0.10) × 10−3,
BJ/ψ→KSKLη = (1.45 ± 0.32 ± 0.08) × 10−3, and BJ/ψ→KSKLπ0π0 = (1.86 ± 0.43 ± 0.10) × 10−3. For
the ψ(2S ) branching fractions the measurement yields Bψ(2S )→KSKLπ0 < 0.3 × 10−3 (at 90 % C.L.),
Bψ(2S )→KSKLη = (1.33 ± 0.46 ± 0.07) × 10−3, and Bψ(2S )→KSKLπ0π0 = (1.24 ± 0.54 ± 0.06) × 10−3.

The cross sections e+e− → KSK±π∓π0,KSK±π∓η are measured for the first time [18] and the
results are shown in Fig. 5. The total uncertainty in the KSK±π∓π0 cross section ranges from 6.3 % at
low masses, to 11.5 % at 3 GeV, increasing with higher masses. The total uncertainty in the KSK±π∓η
cross section is 12.8 % below 3 GeV and 19.1 % above. The J/ψ branching fractions are also extracted,
amounting to BJ/ψ→KSK±π∓π0 = (5.7± 0.3± 0.4)× 10−3 and BJ/ψ→KSK±π∓η = (1.3± 0.25± 0.07)× 10−3.
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Figure 4: The cross sections containing neutral kaons [17].
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Figure 5: The cross sections containing charged kaons [18].

5 Summary

The cross section of the process e+e− → π+π−2π0 is measured with a systematic precision of 3.1 %
in its peak region. This leads to a new value of its contribution to the prediction of the anomalous
magnetic moment of the muon aµ = (17.9±0.1stat±0.6syst)×10−10 in the energy range from 0.85 GeV
to 1.8 GeV.

Furthermore, the cross section of the process e+e− → ηπ+π− is analyzed using the decay η→ γγ.
A systematic precision of 4.5 % is reached in its peak region.
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The cross sections e+e− → KSKLπ
0,KSKLπ

0π0,KSKLη,KSK±π∓π0,KSK±π∓η have also been
measured, some of them for the first time. Their J/ψ (ψ(2S )) branching fractions have also been
extracted.

6 Acknowledgments

We would like to thank the organizers for this wonderful conference. We are grateful for the excellent
luminosity and machine conditions provided by our PEP-II colleagues, and for the substantial dedi-
cated effort from the computing organizations that support BABAR. The collaborating institutions wish
to thank SLAC for its support and kind hospitality. This work is supported by DOE and NSF (USA),
NSERC (Canada), CEA and CNRS-IN2P3 (France), BMBF and DFG (Germany), INFN (Italy), FOM
(The Netherlands), NFR (Norway), MES (Russia), MICIIN (Spain), STFC (United Kingdom). Indi-
viduals have received support from the DFG (Germany).

References

[1] A.J. Bevan et al. (Belle, BABAR), Eur. Phys. J. C74, 3026 (2014), 1406.6311
[2] J.P. Lees et al. (BABAR), submitted to Phys. Rev. D (2017), 1709.01171
[3] G. Ecker, R. Unterdorfer, Eur. Phys. J. C24, 535 (2002), hep-ph/0203075
[4] G. Cosme, B. Jean-Marie, S. Jullian, F. Laplanche, J. Lefrancois, A.D. Liberman, G. Parrour,

J.P. Repellin, G. Sauvage, G. Szklarz, Phys. Lett. B 40, 685 (1972)
[5] G. Cosme et al., Phys. Lett. B 63, 349 (1976)
[6] B. Esposito et al., Lett. Nuovo Cim. 19, 21 (1977)
[7] B. Esposito et al., Lett. Nuovo Cim. 25, 5 (1979)
[8] B. Esposito et al., Lett. Nuovo Cim. 31, 445 (1981)
[9] C. Bacci et al., Nucl. Phys. B 184, 31 (1981)

[10] G. Cosme, B. Dudelzak, B. Grelaud, B. Jean-Marie, S. Jullian et al., Nucl.Phys. B152, 215
(1979)

[11] S.I. Dolinsky et al., Phys. Rept. 202, 99 (1991)
[12] L.M. Kurdadze, M.Yu. Lelchuk, E.V. Pakhtusova, V.A. Sidorov, A.N. Skrinsky, A.G. Chilin-

garov, Yu.M. Shatunov, B.A. Shvarts, S.I. Eidelman, JETP Lett. 43, 643 (1986), [Pisma Zh.
Eksp. Teor. Fiz.43,497(1986)]

[13] M. Achasov, K. Beloborodov, A. Berdyugin, A. Bogdanchikov, A. Bozhenok et al., J. Exp.
Theor. Phys. 96, 789 (2003)

[14] M.N. Achasov et al., J. Exp. Theor. Phys. 109, 379 (2009), [Zh. Eksp. Teor. Fiz.136,442(2009)]
[15] M. Davier, S. Eidelman, A. Höcker, Z. Zhang, Eur. Phys. J. C31, 503 (2003), hep-ph/0308213
[16] B. Aubert et al. (BABAR), Phys. Rev. D76, 092005 (2007), [Erratum: Phys.

Rev.D77,119902(2008)], 0708.2461
[17] J.P. Lees et al. (BABAR), Phys. Rev. D95, 052001 (2017), 1701.08297
[18] J.P. Lees et al. (BABAR), Phys. Rev. D95, 092005 (2017), 1704.05009

6

EPJ Web of Conferences 218, 02003 (2019) 
PhiPsi 2017

https://doi.org/10.1051/epjconf/201921802003


