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We present recent results on study of exclusive processes of e+e− annihilation into hadrons with
the SND detector. Data were collected at the VEPP-2000 e+e− collider in the center-of-mass
energy range from 0.3 to 2 GeV. In particular, we have measured the cross sections for e+e−→
π+π− and nn̄, studied the radiative decays of excited light vector mesons to π0γ and ηπ0γ , and
performed a search for the rare processes of e+e− annihilation into C-even resonances η and
f1(1285).
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1. Introduction

SND [1, 2, 3, 4] is the universal nonmagnetic detector consisting of a nine-layer drift chamber,
aerogel Cherenkov counters, a three-layer spherical electromagnetic calorimeter with 1640 NaI(Tl)
crystals, and a muon system.

SND collected data at two e+e− colliders: VEPP-2M [5] during 1996-2000 in the center-of-
mass energy range 0.36–1.38 GeV and VEPP-2000 [6] starting from 2010 in the energy range
0.3–2.0 GeV. During the 2010–2013 data taking period the luminosity was limited by the deficit of
positrons. From 2014 the VEPP-2000 accelerator complex was under reconstruction. The experi-
ments were restarted by the end of 2016 with a new 10 times more intensive positron source. The
data sample with an integrated luminosity of about 70 pb−1 has been collected during 2010-2013
and about 200 pb−1 in 2017–2019. The achieved luminosity near 2 GeV is about 4×1031 cm−2s−1.

Main physics task of the SND experiment is the study of all possible processes of e+e− anni-
hilation into hadrons below 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. A detailed study of dynamic of exclusive
processes is also performed. In this report we present SND results on the processes e+e−→ π+π−,
e+e−→ nn̄, e+e−→ π0γ , e+e−→ ηπ0γ , e+e−→ η , and e+e−→ f1(1285).

2. Measurement of the e+e−→ π+π− cross section

The process e+e− → π+π− is very important for calculation of the hadronic contribution to
the (g−2) of muon. There are many measurements of this process, some of them have systematic
uncertainty less than 1%.

Our preliminary measurement is based on 4.7 pb−1 data, 10% of the full SND data set in the
energy region under study. The event selection is based on excellent e/π separation provided by
the three layer SND calorimeter. Figure 1 represents the measured e+e− → π+π− cross section.
The currently achieved systematic uncertainty is 0.8%. The different sources of the uncertainty are
listed in Table 1. The curve in Fig. 1 is the result of the fit to data with the vector-meson-dominance

Figure 1: Left panel: The e+e− → π+π− cross section measured by SND. The curve is the result of the
VMD fit. Right panel: The relative difference between the SND e+e−→ π+π− data and the fit to the data.
The band represents the statistical and systematic uncertainty of the fit combined in quadrature.

.

(VMD) model including the ρ(770), ω(782), and ρ(1450) resonances. The model describes data
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Table 1: The sources of systematic uncertainties on the e+e−→ π+π− cross section (in %).
Source < 0.6 GeV 0.6–0.9 GeV
Trigger 0.5 0.5
Selection criteria 0.5 0.5
e/π separation 0.6 0.6
Nucl. interaction 0.2 0.2
Theory 0.2 0.2
Total 0.9 0.8

Figure 2: The relative difference between the BABAR [9] (left panel) and KLOE [10, 11] (right panel)
e+e− → π+π− data and the SND fit. The band represents the statistical and systematic uncertainty of the
SND fit combined in quadrature.

.

well, the obtained resonance parameters are in reasonable agreement with the previous SND mea-
surement [7] and Particle Data Group table [8].

The difference between the currently most accurate BABAR [9] and KLOE [10, 11] e+e−→
π+π− data and the SND fit is shown in Fig. 2, where the green band represents the statistical
and systematic uncertainties of the SND fit combined in quadrature. The systematic difference is
observed between the SND and BABAR data below 0.7 GeV and between the SND and KLOE
data above 0.7 GeV.

We also calculate the contribution to the muon anomalous magnetic moment from the e+e−→
π+π− channel in the energy region 0.53–0.88 GeV using the new SND data. It is equal to (411.8±
1.0± 3.7)× 10−10. This value is in good agreement with the previous SND result [7] (408.9±
1.3±5.3)×10−10 and the BABAR result [9] (414.9±0.3±2.1)×10−10.

3. Study of the process e+e−→ nn̄

The process e+e− → nn̄ was previously measured by FENICE [12] and SND [13] using the
2011-2012 data set. The new SND measurement is based on 2017 data and uses a different method
of signal-background separation compared with Ref. [13].

The time distribution of the calorimeter trigger signal is analyzed to separate signal from back-
ground. This distribution is shown in Fig. 3 for two energy regions. It is fitted by a sum of distri-
butions for signal, cosmic background, and beam plus e+e− annihilation background. The latter is
estimated from data recorded below the nn̄ threshold. The nn̄ time distribution is shifted relative to
other e+e− annihilation events due to small antineutron velocity.
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Figure 3: The time distribution of the calorimeter trigger signal for nn̄ candidates in data (points with error
bars) for the energy regions: 1.880–1.884 GeV (left panel) and 1.90–1.94 GeV (right panel). The solid
histogram represents the result of the fit with a sum of signal and background distributions. The dashed
histogram shows cosmic background, while the shaded histogram represents e+e− annihilation background.

.

Figure 4: Left panel: The e+e−→ nn̄ cross section measured by SND using the 2012 (triangles) and 2017
(circles) data set in comparison with the FENICE results [12] (squares). Right panel: The neutron effective
form factor measured by SND (circles) in comparison with the proton effective form factor measured by
BABAR [14] (squares).

.

The measured cross section is shown in Fig. 4 (left). The statistical accuracy of the measure-
ment is significantly improved compared with the previous SND measurement [13]. However the
new SND result is lower than the previous one by about 30% at 1.9 GeV and by two times near 2
GeV. The main reasons are underestimated beam background and not quite correct MC simulation.
The triangles in the plot represent the revised 2012 data, which are in agreement with the new
measurement.

The systematic uncertainty on the cross section is estimated to be about 20%, mainly due to
MC simulation. Currently we are working to decrease it.
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The e+e−→ nn̄ cross section depends on two form factors, magnetic and electric. From the
measured cross section we determine the so-called effective form factor, which is shown in Fig. 4
(right) in comparison with BABAR measurement of the proton form factor. It is seen that the
proton and neutron effective form factors are close to each other in the near-threshold region. The
neutron form factor becomes lower than the proton one with increase of the energy.

Figure 5: Left panel: The antineutron polar angle distribution (points with error bars). The histogram repre-
sent the simulated distribution in the model with GE = 0. Right panel: The e+e−→ π0γ cross section mea-
sured by SND at VEPP-2000 [15] in comparison with the previous measurements: SND@VEPP-2M [16],
and CMD-2 [17]. The solid curve is the result of the fit in the VMD model, while the dashed curve represents
the contribution the ρ(700), ω(782), and φ(1020) resonances.

.

The ratio of the form factors can be determined from the analysis of the antineutron polar angle
distribution. The measured distribution shown in Fig. 5 (left) is well described by the model with
GE = 0. The dominance of the GE term in the cross section is excluded. It should be noted that for
proton |GE/GM| is about 1.5 in this energy region.

4. Radiative processes e+e−→ π0γ and e+e−→ ηπ0γ

The process e+e− → π0γ was carefully studied below 1.4 GeV at the VEPP-2M collider by
SND [16] and CMD-2 [17]. In these experiments, the evidence of the nonzero contribution of
excited vector resonances to the e+e−→ π0γ cross section in the energy region 1.075-1.4 GeV was
obtained. The new SND analysis [15] is based on data with an integrated luminosity of 41 pb−1

recorded in 2010-2012 in the range 1.075-2 GeV.
The measured e+e− → π0γ cross section is shown in Fig. 5 (right) in comparison with the

previous SND and CMD-2 measurements. Below 1.4 GeV the obtained cross section is about
50 pb and agrees with the previous SND and CMD 2 results. The curve is the result of the fit to
the all SND and CMD-2 data with the VMD model, which includes the contributions of excited
vector states. To explain the cross section energy dependence, the contribution of the ρ(1450) and
ω(1420) resonances is required with a significance of 4σ .

The process e+e− → ηπ0γ above 1.05 GeV is studied for the first time. The five-photon
final state is used for the analysis. In this process, there is a significant contribution of the ωη
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Figure 6: Left panel: The e+e−→ωη cross section measured by SND in the ηπ0γ final state in comparison
with the SND [18] and CMD-3 [19] measurements in the π+π−π0η final state. Right panel: The non-ωη

e+e−→ ηπ0γ cross section measured by SND.
.

intermediate state, which is seen as a peak at ω mass in the π0γ mass distribution. The non-
ωη signal is also observed. It may arise from the processes e+e− → a0(1450)γ and a2(1320)γ .
Figure 6 represents the measured e+e−→ωη cross section in comparison with the SND and CMD-
3 measurements in the decay mode ω → 3π and the first measurement of the non-ωη cross section
in the energy range 1.05-2.00 GeV.

5. Search for direct production of C-even resonances in e+e− annihilation

The direct production of C-even resonances in e+e− annihilation is a rare process suppressed
by α2 compared with single-photon annihilation. For spin-0 resonances there is additional helicity
suppression.

The search of the process e+e− → η is performed using a special 650 nb−1 data sample
recorded in 2018 at the center of mass energy equal to the η mass. The visible η line shape is
determined by the beam energy spread. The beam energy and spread were measured with a special
system based on Compton backscattering of laser photons off the electron beam. The decay mode
η → 3π0 is used for analysis, in which the single photon annihilation background is absent. Zero
signal events have been selected. Since the e+e−→ η is proportional to the η → e+e− branching
fraction, the 90% confidence level upper limit B(η → e+e−) < 7×10−7 [20] is set, which improves
the previous limit of the HADES Collaboration [21] by a factor of 3. The theoretical prediction for
this decay is about 5×10−9 (see [22] and references therein).

The predicted branching fraction for the axial vector resonance f1 decay to e+e− is (3.5±
1.8)×10−9 [23]. The corresponding f1 production cross section is relatively large, about 30 pb.

We analyze the 15 pb−1 data sample recorded in the energy range 1.2–1.4 GeV. About 4 pb−1

were collected at the f1 maximum. The decay mode f1 → ηπ0π0 → 6γ , which is not produced in
single photon annihilation, is used for the analysis.

After applying selection and background suppression cuts, two events are observed at the
f1 resonance peak and zero events beyond the resonance. The expected background from the
processes e+e−→ ωπ0, ηγ , and ωπ0π0 does not exhibit the resonance behavior and is about 0.25
events at the f1 peak. The observed two events correspond to the cross section of 43+32

−23 pb and the
f1 → e+e− branching fraction (4.9+3.6

−2.6)×10−9 [24]. The significance of the f1 signal is 2.4σ .
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