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Recent results on the study of 𝑒+𝑒− annihilation into hadrons at
√
𝑠 < 2 GeV obtained in the SND

experiment at the VEPP-2000 collider are presented. We announce the results of high precision
measurements of the 𝑒+𝑒− → 𝜋+𝜋− and 𝑒+𝑒− → 𝐾𝑆𝐾𝐿 cross sections, and analyses of the
processes 𝑒+𝑒− → 𝑛𝑛̄ , 𝑒+𝑒− → 𝜋+𝜋−𝜋0, 𝑒+𝑒− → 𝜔𝜂𝜋0, 𝑒+𝑒− → 𝜋0𝛾, and 𝑒+𝑒− → 𝜋0𝜋0𝛾.
Also, we present preliminary results on the study of the two photon process 𝑒+𝑒− → 𝑒+𝑒−𝜂 and
measurement of the inclusive hadronic cross section at 1.8 GeV <

√
𝑠 < 2 GeV.
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Figure 1: Left panel: The SND result on the neutron effective form factor (𝐹𝑛), compared with the previous
SND results [5, 6] (black and blue dots) and 𝐹𝑛 (𝑝𝑛) measured by BES-III [7] (purple stars). Central panel:
measured 𝐹𝑛 (

√
𝑠) , compared with the earlier SND results (black and blue dots) and the proton form factor

measured by BABAR [8] (green dots). Right panel: The preliminary SND results on the 𝐺𝐸/𝐺𝑀 ratio
measurement for different experimental runs.

1. Introduction

SND [1–4] is the universal nonmagnetic detector consisting of a nine-layer drift chamber, 9
threshold aerogel Cherenkov counters, a three-layer spherical electromagnetic calorimeter (EMC)
with 1640 NaI(Tl) crystals, and a muon system.

SND data taking at the VEPP-2000 𝑒+𝑒− collider started in 2010. At this point a data sample
with an integrated luminosity of about 1 fb−1 has been collected in the 0.3–2.0 GeV energy range.

Main physics task of the SND experiment is the study of all possible processes of 𝑒+𝑒−

annihilation into hadrons at
√
𝑠 < 2 GeV. In particular, these measurements are used to obtain

the total hadronic cross section needed for Standard Model calculation of the anomalous magnetic
moment of muon and running electromagnetic coupling constant (complementary to lattice QCD
calculations). A detailed study of the dynamics of exclusive processes is also performed to probe
the hadronic structure. In this report we present SND results on the processes 𝑒+𝑒− → 𝜋+𝜋−,
𝑒+𝑒− → 𝐾𝑆𝐾𝐿 , 𝑒+𝑒− → 𝑛𝑛̄ , 𝑒+𝑒− → 𝜋+𝜋−𝜋0, 𝑒+𝑒− → 𝜔𝜂𝜋0, 𝑒+𝑒− → 𝜋0𝛾, 𝑒+𝑒− → 𝜋0𝜋0𝛾 and
𝑒+𝑒− → 𝑒+𝑒−𝜂.

2. Study of the 𝑒+𝑒− → 𝑛𝑛̄

The neutron produces a very low energy deposition in the calorimeter. Therefore, its signal
is not used in this analysis. The antineutron annihilates inside the EMC, producing pions, protons
and neutrons. EMC allows to measure time of the 𝑛̄ annihilation with an accuracy of about 1 ns.
The time distribution for selected events consists of the nearly uniform cosmic-ray distribution,
the distribution for the beam-induced and physical backgrounds, which is peaked near zero, and
a wide 𝑛𝑛̄ distribution, which is shifted relative to other 𝑒+𝑒− annihilation events due to small 𝑛̄
velocity. Number of 𝑒+𝑒− → 𝑛𝑛̄ events is determined from the fit to data with the sum of the three
distributions. Fig. 1 (left, central) depict the effective form factor of the neutron measured in this
work in comparison with the results of previous measurements by SND [5, 6] and BES-III [7].
Analysis of the angular distributions allows to obtain the ratio of the electric and magnetic form
factors (𝐺𝐸/𝐺𝑀 ). Preliminary results of the 𝐺𝐸/𝐺𝑀 measurements are shown in Fig. 1 (right),
and they are consistent with unity.
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Figure 2: Cross sections for the 𝜌(770)𝜋 (left panel) and 𝜌(1450)𝜋 (central panel) mechanisms and total
𝑒+𝑒− → 𝜋+𝜋−𝜋0 cross section (right panel). Empty dots depict previously published SND measurement [9],
solid curves are the VMD fit results.

3. 𝑒+𝑒− → 𝜋+𝜋−𝜋0

Events with two non-collinear tracks and two photons are selected. For selected events, the
Dalitz plot analysis is performed. It’s observed that the 𝜔(1650) resonance decays mainly via
the 𝜌(1450)𝜋 mechanism, while 𝜔(1420) via the 𝜌(770)𝜋. The 𝜔(1650) width in the channel
is 148±13 MeV, and consistent with the other decay modes. The cross sections for 𝜌(770)𝜋 and
𝜌(1450)𝜋 mechanisms, and total 3𝜋 cross section are presented in Fig. 2.

Below 1.05 GeV the 𝑒+𝑒− → 𝜋+𝜋−𝜋0 cross section is dominated by the contributions of
the 𝜔 and 𝜑 resonances. The most precise measurement (1.3%) was carried out in the BABAR
experiment [10], and we plan to perform measurement with a comparable accuracy. Our advantage
is the precise measurement of beam energy. From the VMD fit we expect to extract the most precise
measurements of the B(𝜑 → 3𝜋), B(𝜌 → 3𝜋), 𝜓(𝜌 − 𝜔), 𝜓(𝜑 − 𝜔), 𝑚𝜔 and Γ𝜔 .

4. Study of the 𝑒+𝑒− → 𝐾𝑆𝐾𝐿 process

Events with 𝐾𝑠 → 𝜋0𝜋0 decay are selected using kinematic fit for events with at least 4
photons in the final state. Two models are used to describe the cross section: simple Vector Meson
Dominance model and the one with interactions of the 𝐾𝑆 and 𝐾𝐿 in the final state (FSI). The latter
provides significantly better fit quality: 𝜒2/ndf=13.7/14 against 23.7/14 for the pure VMD model
(Fig. 3), thus showing 3.2 𝜎 significance for FSI. The SND at VEPP-2M and CMD-2 measurements
agree with our measurement [11] within the systematic errors (0.9% at the maximum of the 𝜑). The
difference with the CMD-3 measurement is 1.7 𝜎.

5. 𝑒+𝑒− → 𝜋0𝜋0𝛾 and 𝑒+𝑒− → 𝜋0𝛾 analysis

Events with 5 photons and no charged particles in the final state are selected. Then the
kinematic fit to the 𝜋0𝜋0𝛾 hypothesis is performed. There are two mechanisms for 𝜋0𝜋0𝛾 final state:
with vector-pseudoscalar intermediate state (𝜔𝜋0, 𝜌𝜋0) and radiative decays ( 𝑓0(500)𝛾, 𝑓0(980)𝛾,
𝑓2(1270)𝛾, 𝑓0(1370)𝛾). Dalitz plot fit allows to calculate total cross sections of all radiative
processes (Fig. 4, right). The contribution of radiative decays has greater than 5 𝜎 significance and
shows a resonant structure at 1.7 GeV. At this point of the analysis adding hypothetical 𝜌(1250) to
the model greatly improves fit of the cross section for the dominant 𝜔𝜋0 mechanism (Fig. 4, left).
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Figure 3: The 𝑒+𝑒− → 𝐾𝑆𝐾𝐿 cross section in the 𝜑-meson region (central panel), near threshold (left panel)
and higher energies (right panel). Solid lines shows the fit result with the VMD+FSI model, dashed lines are
the simple VMD model.

Figure 4: Left panel: fit of the measured 𝑒+𝑒− → 𝜔𝜋0 cross section, comparing to previous SND [12] and
BABAR [13] results. Right panel: total cross sections of all radiative processes, red dots are result of the fit
with a baseline model, shaded areas depict model uncertainty.

The number of the 𝑒+𝑒− → 𝜋0𝛾 events is derived from the fit of the invariant mass of two less
energetic photons after kinematic fit in 𝑒+𝑒− → 3𝛾 hypothesis. Result of the new measurement of
the 𝐵(𝜑 → 𝜋0𝛾) is 7–15% higher, comparing to the previous measurements [14].

6. Inclusive measurement of charged non-collinear hadronic cross section in the
1.8-2.0 GeV region

The measured cross sections also include contributions from the neutral hadronic processes with
𝜂 and𝐾𝑠 decaying into the states with charged particles. Events containing two central, non-collinear
tracks are selected, with additional cuts applied to reduce beam-induced background contribution.
Efficiency is calculated using Monte Carlo simulation (MC) of the 42 exclusive hadronic processes,
mixed according to the cross sections, previously measured in SND, CMD-3, BABAR and BES
experiments. Main QED background is suppressed by the cuts on energy deposition in the different
layers of EMC, depicted in Fig. 5 (left). The cosmic background contribution is estimated from
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Figure 5: Left panel: distribution of the energy deposition for hadronic processes (red) and QED background
(blue). Central panel: example of a fit of the vertex z-coordinate distribution, red curve shows contribution
of the beam-induced background. Right panel: preliminary results of the inclusive hadronic cross section
measurement by SND, comparing to previous inclusive measurements [15, 16], shaded area depicts sum of
all known exclusive hadronic cross sections.

EMC time distribution, under assumption that it is uniform for cosmic events. MC is used to
calculate number of the expexted QED background events. Residual beam-induced background is
subtracted via fit of the vertex z-coordinate distribution (Fig. 5, center), with shape of the signal
determined by selected 𝑒+𝑒− → 𝜋+𝜋−𝜋0𝜋0 events and polynomial function used for background.
In order to calculate total hadronic cross section, previously measured cross sections of the neutral
(𝜂𝜋0𝛾, 𝜋0𝜋0𝛾, 𝜋0𝛾, 𝜂𝜂𝛾, 𝐾𝑆𝐾𝐿 etc.) and collinear (𝐾+𝐾− , 𝜋+𝜋− and 𝑝𝑝) hadronic processes are
added (Fig. 5, right).

7. 𝑒+𝑒− → 𝑒+𝑒−𝜂 and 𝑒+𝑒− → 𝜔𝜂𝜋0

Two–photon events with 𝜂 → 3𝜋0 decay are selected using kinematic fit for events with more
than 5 photons in the final state. Machine learning is used to suppress beam-induced background.
Contribution from the 𝑒𝑝 → 𝑒𝑝𝜂 background is estimated using number of events with |𝑅𝐵𝐷𝑇 | <0.4
and 𝑅𝐵𝐷𝑇 distribution from MC of the 𝑒𝑝 → 𝑒𝑝𝜂 (Fig. 6, left). Residual hadronic background
is calculated from MC of the known processes of the 𝑒+𝑒− annihilation. Results of the cross
section measurement are consistent with theoretical predictions [17] (Fig. 6, center). The obtained
Γ𝜂→𝛾𝛾=0.527±0.03 keV is in agreement with KLOE result [18].

Analysis of the 𝑒+𝑒− → 𝜔𝜂𝜋0 → 𝜋+𝜋−𝜋0𝜋0𝜂 → 𝜋+𝜋−6𝛾 is based on 443 pb−1 data collected
by SND. Below 1.9 GeV our measurement shows systematic deviation from the BABAR result [19].
There is about 50% difference at 1.975 GeV (Fig. 6, right).

8. High precision 𝑒+𝑒− → 𝜋+𝜋− cross section measurement

The 𝑒+𝑒− → 𝜋+𝜋− cross section measurements are playing a significant role in calculations
of (g-2) of the muon. Current analysis is based on 2018 data (47 pb−1) collected below 1 GeV.
Latest version of the BabaYaga-NLO generator [20] is now implemented in MC. 𝑒+𝑒− → 𝜋+𝜋−

and 𝑒+𝑒− → 𝑒+𝑒− events are separated with the machine learning methods using information about
energy depositions in the EMC crystals. Integrated luminosity for each energy point is calculated
from the number of 𝑒+𝑒− → 𝑒+𝑒− events. Efficiency for each process is derived from MC events,
and then corrected to match experimental data. To reduce these corrections multiple modifications
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Figure 6: Left panel: fit of the discriminator response distribution (𝑅𝐵𝐷𝑇 ), red and blue histograms are
distributions for simulated 𝑒+𝑒− → 𝑒+𝑒−𝜂 and 𝑒𝑝 → 𝑒𝑝𝜂 events respectively, yellow one is a distribution
for beam-induced background, green histogram – residual hadronic background. Central panel: fit of the
measured 𝑒+𝑒− → 𝑒+𝑒−𝜂 cross section (thick line) and theoretical prediction [17] (thin line). Right panel:
fit of the measured 𝑒+𝑒− → 𝜋+𝜋−𝜋0𝜋0𝜂 cross section, blue dots – BABAR results [19].

Figure 7: The relative difference between the CMD-3 [22] (left panel), BABAR [23] (central panel) and
KLOE [24] (right panel) 𝑒+𝑒− → 𝜋+𝜋− results and the fit of preliminary SND data. The blue and green
bands represent the total and systematic uncertainties of the SND fit respectively.

of the MC and reconstruction software have been performed. With radiative and beam energy
spread corrections, the Born cross section is calculated. The systematic uncertainty is estimated to
be 0.6-0.8%. The new measurement is 2% higher than the previously published SND results [21]
(based on 2013 dataset). After reanalysis with a new version of software, the 2013 SND data
are consistent with our new results. One of the possible explanations: shortcomings of the old
version of reconstruction algorithms resulted in unaccounted loss of the pion tracks. Comparisons
with previous measurements [22–24] are depicted in Fig. 7. Our results are consistent with BaBar
measurement [23] at

√
𝑠 < 0.78 GeV, and 3% greater at higher energies (Fig. 7, central). Deviation

from CMD-3 results [22] is no greater than 1.3% (Fig. 7, left). Combined KLOE measurements [24]
are incompatible with the new SND data (Fig. 7, right).
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