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We report a measurement of the 𝑒+𝑒− → 𝜋+𝜋−𝜋0 cross section in the energy range from 0.62 GeV
to 3.5 GeV using an initial-state radiation technique. We use an 𝑒+𝑒− data sample corresponding
to 191 fb−1 of integrated luminosity, collected at a centre-of-mass energy at or near the Υ(4𝑆)
resonance with the Belle II detector at the SuperKEKB collider. The uncertainty at the 𝜔 and 𝜙
resonances is 2.2%. The leading order hadronic vacuum polarisation contribution to the muon
anomalous magnetic moment using this result is 𝑎3𝜋

𝜇 = (48.91± 0.23± 1.07) × 10−10. This result
differs by 2.5 standard deviations from the current most precise determination.
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1. Introduction7

The muon anomalous magnetic moment, denoted by 𝑎𝜇 ≡ (𝑔 − 2)/2, is one of the physical8

quantities for which a discrepancy is observed between the experimental and theoretical values.9

This discrepancy suggests the possibility of a contribution from physics beyond the Standard10

Model (SM). The experimental value has been determined by the BNL [1] and Fermilab [2, 3]11

experiments with a precision of less than 200 ppb. The SM prediction reported by the Muon12

𝑔 − 2 Theory Initiative [4] disagrees with the experimental values, with a discrepancy exceeding13

five standard deviations. The theoretical value of 𝑎𝜇 is calculated by summing up the effects of14

quantum loop corrections in all SM sectors. The QED contribution dominates the value, yet the15

𝑎𝜇 uncertainty is dominated by the hadronic vacuum polarisation (HVP) contribution. The HVP16

contribution is calculated using the measured cross sections for 𝑒+𝑒− → hadrons processes as the17

theoretical input. However, recent calculations of the HVP contributions using lattice QCD do not18

agree with the data-driven values but rather are reported to be closer to the experimental values [5–8].19

Furthermore, a new measurement of the 𝑒+𝑒− → 𝜋+𝜋− production cross section has been reported20

from the CMD-3 experiment [9], which deviates significantly from the preceding experiments.21

Verification with independent experimental setups and data sets is crucial to understanding this22

complex HVP situation.23

To estimate the HVP contribution in the data-driven method, cross sections for 𝑒+𝑒− →24

hadrons processes in the exclusive channel at energies below 2 GeV play an essential role. The25

𝑒+𝑒− → 𝜋+𝜋−𝜋0 process is the second largest contribution to the uncertainty on 𝑎𝜇. The cross26

sections around the 𝜔 and 𝜙 resonances are particularly important in the contribution, where the27

systematic uncertainty dominates. In the vicinity of the 𝜔, cross-section differences of up to about28

8% have also been observed between the CMD-2 and SND results. The 𝑎𝜇 contribution is estimated29

with an accuracy of 1.2% based on a global fit to previous experiments.30

The Belle II experiment at the SuperKEKB collider [10] at KEK, Japan, aims to measure the31

light-hadron cross sections using 𝑒+𝑒− collision data operated at or near the 𝑒+𝑒− centre-of-mass32

energy of 10.58 GeV. Nevertheless, even in early Belle II analyses, cross sections are expected to33

be measured with a systematic uncertainty of about 2 percent. This is the first measurement of the34

𝑒+𝑒− → hadrons cross-section in the Belle II experiment, thus providing a reliable benchmark for35

subsequent measurements of further processes, including 𝑒+𝑒− → 𝜋+𝜋−, which exhibits the most36

substantial contribution and uncertainty to the HVP.37

2. Analysis overview38

The measurement uses an 𝑒+𝑒− data set with the integrated luminosity of 191 fb−1 collected39

during 2019–2021 in the Belle II detector [11]. To reduce experimenter bias, all actual data is40

analysed after determining analytical methods and correction factors.41

The 𝑒+𝑒− → 𝜋+𝜋−𝜋0 process with an initial-state radiation (ISR) photon of high energy,42

typically above 4.7 GeV, is taken as signal events to allow the measurement over a continuous43

hadronic energy spectrum below 3.5 GeV at the fixed collision energy.44

The signal event, 𝑒+𝑒− → 𝜋+𝜋−𝜋0𝛾ISR, is reconstructed from two oppositely charged particles45

and three photons. The signal event, 𝑒+𝑒− → 𝜋+𝜋−𝜋0𝛾ISR, is reconstructed from two oppositely46
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charged particles and three photons; two of these photons are required to have energy greater than47

100 MeV to reconstruct the 𝜋0. The ISR photon is selected from photons with energy above 2 GeV48

and emitted at a large opening angle from the 𝑒+𝑒− beam axis. This ISR selection is chosen to satisfy49

the calorimeter-based trigger condition and gives an efficiency of more than 99% for ISR-related50

events. A kinematic fit is imposed on all 2𝜋3𝛾 candidates found. The fit imposes the constraint51

that the sums of four-momenta of the final state coincide with those of the initial 𝑒+𝑒−. The quality52

of the kinematic fit 𝜒2 is sensitive to the signal topology; the small 𝜒2 events are selected as signal53

candidates, while large 𝜒2 events can be used to estimate the background level. In addition, several54

background suppression criteria are imposed to reduce possible major background events.55

After all event selection criteria are applied, the events are binned by three-pion invariant mass56

𝑀 (3𝜋). The 𝜋0 signal is extracted by performing a diphoton invariant mass 𝑀 (𝛾𝛾) on the events57

on each 𝑀 (3𝜋) bin. This allows us to exclude background events of photon combinations for which58

𝜋0 is not correctly reconstructed. Residual background processes are mainly 𝑒+𝑒− → 𝜋+𝜋−𝜋0𝜋0𝛾,59

𝑒+𝑒− → 𝐾+𝐾−𝜋0𝛾 and non-ISR 𝑒+𝑒− → 𝑞𝑞. Background-dominant data control samples are60

prepared for each background process. Backgrounds related to final-state radiation are estimated61

based on perturbative QCD and previously measured parameters.62

The obtained 𝑀 (3𝜋) spectrum is distorted, especially near the 𝜔 and 𝜙 resonances, because63

the change in cross section is steep compared to the detector resolution. This effect is mitigated64

with an iterative-dynamic-stable unfolding method [12].65

The signal efficiency, estimated with simulated samples of 10 times the data statistics, is 7–9%,66

slightly depending on 𝑀 (3𝜋). The possible difference in the efficiency between the data and sim-67

ulation is divided into several elements and validated with data control samples: trigger efficiency,68

ISR photon detection efficiency, tracking efficiency, 𝜋0 reconstruction efficiency, kinematic fit 𝜒269

selection efficiency, and background suppression efficiency. The background suppression efficiency70

causes the largest difference between data and simulation, (−1.9 ± 0.2)%. The total difference is71

(−4.6 ± 2.0)% in the energy region below 1.05 GeV. This data-to-simulation difference is used as72

a correction factor for the signal efficiency.73

The total systematic uncertainty for the cross section around the 𝜔 and 𝜙 resonances, where74

the systematic uncertainty is dominant, is 2.2%. Of the 2.0% systematic uncertainty for the signal75

efficiency correction, the uncertainties for 𝜋0 detection efficiency and tracking efficiency are larger,76

at 1.0% and 0.8%, respectively. The integrated luminosity of the data set is measured using the77

𝑒+𝑒− → 𝑒+𝑒− process, confirmed by the 𝑒+𝑒− → 𝛾𝛾, and 𝑒+𝑒− → 𝜇+𝜇− events, with a systematic78

error of 0.63% [13]. In addition, this systematic uncertainty of 1.2% comes from the uncertainty79

for the Monte-Carlo generator due to the insufficient data reproducibility of the higher order ISR80

photon emission process reported in the BABAR experiment [14].81

3. Results82

The measured cross sections are shown separately for each energy range in Fig. 1. The83

differences between the other experiments from the fitted values to our result are shown in Fig. 284

in the 𝜔 region, where the cross section is large and significantly contributes to the HVP. We85

observed the cross sections 5–10% larger than in the other experiments near the resonance peak.86
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Figure 1: Observed 𝑒+𝑒− → 𝜋+𝜋−𝜋0 cross section as a function of energy compared with previous results.
Each panel covers a different energy range. Circles with error bars are the Belle II results, squares are the
BABAR results [16], triangles are the SND results [17–19], and diamonds are the CMD-2 results [20, 21].

The statistical uncertainty is significant for the mass region above 1.05 GeV but agrees with the87

BABAR result rather than the SND.88

The contribution to the leading order HVP term in 𝑎𝜇 is given by89

𝑎LO,HVP
𝜇 =

𝛼

3𝜋2

∫ ∞

𝑚2
𝜋

𝐾 (𝑠)
𝑠

𝜎(𝑒+𝑒− → hadrons)
4𝜋𝛼2/3𝑠

𝑑𝑠, (1)

where 𝛼 is the fine-structure constant, 𝐾 (𝑠) is the QED kernel function, and 𝜎(𝑒+𝑒− → hadrons)90

is the hadronic cross section [4]. The contribution obtained from the 3𝜋 cross section in the range91

0.62–1.8 GeV measured by Belle II is92

𝑎3𝜋
𝜇 = (48.91 ± 0.23 ± 1.07) × 10−10.

This value is 6.5% larger than the global fit result [15] corresponding to 2.5 standard deviations.93

This difference of 3 × 10−10 corresponds to a reduction of about 10% of the current discrepancy of94

25 × 10−10 between the direct measurement of 𝑔 − 2 and the SM prediction.95
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Figure 2: Differences between 𝑒+𝑒− → 𝜋+𝜋−𝜋0 cross-section results from previous measurements and
results of Belle II, as functions of energy (markers with error bars). Belle II results are taken as the reference
at zero, with dashed (dotted) lines corresponding to the total (systematic) uncertainties. Squares are the
BABAR results [16], triangles are the SND results [18], and diamonds are the CMD-2 results [20].
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