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Recent results one+e− annihilation to hadrons in the SND experiment
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Recent results of the SND experiment at the VEPP-2000 collider one+e− annihilation to hadrons below 2 GeV are presented. In particular,
we discuss measurements of thee+e− → π+π− ande+e− → nn̄ cross sections. The processese+e− → π+π−π0, K+K−π0, ηπ0γ

and2ηγ were under investigation as well. The preliminary results on thee+e− → ωπ0 → π+π−2π0 cross section measurement are also
presented.
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1. Introduction

VEPP-2000 is an electron-positron collider with the center-
of-mass energy from 0.3 to 2 GeV located at Budker In-
stitute of Nuclear Physics in Novosibirsk, Russia [1]. The
collider has a circumference of about 24 m and utilizes
the concept of round beams. The achieved luminosity is
4 × 10−31 cm−2s−1. Two multi-purpose particle detectors,
SND and CMD-3, are installed at the opposite points of the
VEPP-2000 collider.

SND, Spherical Neutral Detector, is a multi-purpose non-
magnetic detector. It has two main systems: spherical NaI
electromagnetic calorimeter and non-magnetic multi-wire
drift chamber, which are used for measuring particles’ angles
and energies. The auxiliary components, muon veto system,
comprised of proportional tubes and scintillator counters, and
aerogel threshold Cherenkov counters, are used for particle
identification.

The experiments with SND at VEPP-2000 started in
2010. During the period from 2013 to 2016 the collider was
upgraded to achieve higher luminosity. In eight years of its
operation the detector has collected370 pb−1 of integrated
luminosity, including more than260 pb−1 at energies above
theφ meson resonance. Significant portions of data were col-
lected in the energy ranges of theρ, ω andφ mesons, as well
as of thef1 meson andnn̄ threshold.

2. Analysis

2.1. Processe+e− → π+π−

One of the recent SND results is the measurement of the
e+e− → π+π− process cross section [2] (Fig. 1). The anal-
ysis is based on the statistics collected below 980 MeV in

FIGURE 1. The Born cross section of thee+e− → π+π− pro-
cess [2].

center-of-mass in 2013. The backgrounde+e− → e+e−

events were separated fromµ+µ− andπ+π− events using
machine learning [3]. The BDT classification is based on
differences in calorimeter energy depositions, which is the
result of differences in electromagnetic shower shapes. The
µ+µ− events were subtracted from the selected events, where
the number was taken from QED prediction. The remaining
events were taken to be signal events of thee+e− → π+π−

process. The contribution of trigger to systematic uncertainty
is 0.5 %, selection criteria give 0.6 %, and particle identifica-
tion gives up to 0.5 %. The uncertainty of nuclear interaction
simulation and theoretical prediction give 0.2 % each, result-
ing in a total systematic uncertainty below 1.0 %. The mea-
sured cross section was fitted with the vector-meson domi-
nance model to obtain the Born cross section and the param-
eters of theρ meson. The obtained values of the parameters
were found to be in agreement with PDG values. The ob-
tained cross section is in agreement with VEPP-2M measure-
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FIGURE 2. The Born cross section of thee+e− → π+π−π0 pro-
cess [7–9]. The model for the fitting line takes into account the
contributions of theω(782), φ(1020), ω(1420) andω(1650) reso-
nances. The latter two correspond to two peaks visible in the cross
section.

ments [4], but there is a slight discrepancy with BaBar [5] and
KLOE [6] measurements. The contribution to the anomalous
magnetic moment of the muonaµ from theπ+π− intermedi-
ate state was calculated to be(409.79±1.44±3.87)×10−10

(the first error is statistical, the second is systematical).

2.2. Processe+e− → π+π−π0

Another recent SND result in the analysis of theπ+π−π0

dynamics in the energy range 1–2 GeV [7]. The cross sec-
tion of this process was also measured (Fig. 2), with the sys-
tematic uncertainty less than 5 %, and agrees with previous
SND and BABAR measurements [8, 9]. The events of the
signal process were selected by requiring two tracks from
charged pions and two photons with energies above 30 MeV.
Collinear background processes were rejected by the con-
dition imposed on azimuthal angles of tracks. In order to
investigate the dynamics of theπ+π−π0 process, we fitted
the two-dimensional distributions of the charged-pion mo-
menta (Dalitz plot) and the invariant mass destribution for
the π+π− pair. The model used in the fitting procedure is
the sum of theρπ andωπ0 intermediate states, whereρ is
either theρ(770) or ρ(1450) state. The amplitude of theωπ0

mechanism was fixed from thee+e− → ωπ0 → 2π0γ cross
section [10]. The energy range with significant contribution
of the radiative processe+e− → φγ (1.05–1.15 GeV) was
omitted from the analysis. The contribution of theρ(1450)π
intermediate state is observed near the energy of theω(1650)
resonance. At our level of statistics we cannot separate the
ρ(1700) from the ρ(1450) contribution. We conclude that
the decayω(1650) → π+π−π0 is mediated by theρ(1450)
state and the decayω(1420) → π+π−π0 in turn is mediated
by theρ(770) state.

2.3. Processe+e− → K+K−π0

The analysis of the processe+e− → K+K−π0 is based
on26 pb−1 of data in the energy range from 1.2 to 2.0 GeV

FIGURE 3. The born cross section of thee+e− → K∗K →
K+K−π0 process [11,12].

[11]. The cross sections of the two main intermediate states
of this process,K∗(892)K (Fig. 3) andφπ0 (Fig. 4), were
measured separately. The mass spectrum of theK±π0 sys-
tem indicates that the processe+e− → K+K−π0 is domi-
nated by theK∗K intermediate state, whileφπ0 gives only
much smaller contribution. The interference between these
mechanisms was found to give a significant contribution to
the e+e− → φπ0 → K+K−π0 cross section resulting in
the systematical uncertainty reaching 30 %. Also we found
that theK∗(892)K mechanism is dominated by theφ(1680)
state.

The SND results are consistent with the measurements
in the BABAR [12, 13] experiment and have comparable ac-
curacy. The contribution of an unknown resonance with the
mass near 1.6 GeV is required in addition toρ mesons to

FIGURE 4. The Born cross section of thee+e− → φπ0 →
K+K−π0 process [11–13].
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FIGURE 5. The Born cross section of thee+e− → ωη → ηπ0γ

process [14–17].

describe the cross section of theφπ0 mechanism. Its sig-
nificance calculated from the difference of theχ2 values for
the model with theρ(1700) resonance and a resonance with
free parameters and the model with theρ(1450) andρ(1700)
states is about3σ. This anomaly is present in both SND and
BABAR measurements.

2.4. Processe+e− → ηπ0γ

The processe+e− → ηπ0γ is studied in the energy range
1–2 GeV for the first time [14]. The analysis uses more than
100 pb−1 of data in five-photon final state. The fit to theπ0γ
invariant-mass distribution was used for the study of inter-
mediate states. The main intermediate state of the process
was found to beωη. Its cross section is in agreement with
measurements in theω → π+π−π0 decay channel (Fig. 5)
made in SND, CMD-3 and BABAR experiments [15–17].
We found that the contribution of other hadronic mechanisms
ρη, φη, φπ0, ωπ0 andρπ0, calculated from existing measure-
ments [10,12,13,18,19], is insufficient to describe the rest of
thee+e− → ηπ0γ process after subtracting theωη compo-
nent. Thus we expect that there is a contribution of radiative
processes, such asa0(980)γ, a0(1450)γ anda2(1320)γ, at
the level of about 15–20 pb in a wide energy range. The shape
of theηπ0 invariant mass spectrum suggests thata0(1450)γ
is the main mechanism of this radiative process. The theo-
retical prediction based on the framework of the quark model
[20] gives the radiative part of the cross section about 3–5 pb
which is much smaller than our measurement.

2.5. Processe+e− → 2ηγ

The cross section ofe+e− → 2ηγ is measured in the energy
range 1–2 GeV for the first time (Fig. 6) [21]. The num-
ber ofηηγ events is determined by fitting the distribution of
differenceχ2

ηηγ − χ2
5γ of χ2-values of kinematic reconstruc-

tion in two hypotheses for the selected events. Based on the
cross section of the processese+e− → φπ0 → K+K−π0,
e+e− → ωη → π+π−π0η and e+e− → ρη → π+π−η
measured in [15, 18, 19], we expect theφη to be the main
intermediate state. This expectation is confirmed by the fact

FIGURE 6. The Born cross section of thee+e− → ηηγ process
[21] in comparison with the expected value from thee+e− → φπ0

cross section measurement [19].

that the measured cross section is consistent with the CMD-
3 result made with decay ofφ → K+K− [19]. The con-
tribution from intermediate states other thanV η (V stands
for a vector meson), such as radiative processesf0(1500)γ
andf ′2(1525)γ, is not observed even when the contribution
of the main mechanismφη is suppressed by kinematic con-
straints. Thus the upper limits on the radiative intermedi-
ate states,f0(1500)γ andf ′2(1525)γ, have been set using the
CLs technique [22, 23]. Their cross sections do not exceed
35 and 18 pb, respectively, below 1.8 GeV with 90 % CL.

2.6. Processe+e− → nn̄

The process ofnn̄ production is studied near its threshold.
The analysis is based on70 pb−1 of data collected by the
SND detector. Events are selected using event time mea-
surement in the EM calorimeter [24]. Before the calorime-
ter electronics upgrade in summer of 2017, the calorimeter
trigger time was used. After the upgrade, the time was mea-
sured with flash ADC for each calorimeter channel, providing
significantly better time resolution. The cross section is mea-
sured in the energy range from nucleon-antinucleon thresh-
old up to 2 GeV. The measured value is about 0.4 nb and is
slightly lower than previous measurements [25] but has sig-
nificantly better accuracy.

Thenn̄ form factor consists of electric and magnetic con-
tributions which have different dependence on polar angleθ.
The fit of thecos θ distributions was used to extract the ratio
of GE to GM for different center of mass energies from the
process threshold up to 2 GeV. At the current level of statis-
tics the measured ratio of neutron form factors below 2 GeV
agrees with unity.

2.7. Processe+e− → ωπ0

The analysis ofe+e− → ωπ0 → π+π−2π0 is based on 35
pb−1 of data in the energy range 1–2 GeV, recorded by the
SND detector in 2011 and 2012. We performed a kinematic
fit to theπ+π−2π0 hypothesis and take events withχ2 < 40
for further analysis. The extraction of theωπ0 contribution
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FIGURE 7. The Born cross section of thee+e− → ωπ0 →
π+π−2π0 process [10,26–29].

uses fitting of theπ+π−π0 invariant-mass spectrum. The
number ofωπ0 events, as well as of three other mechanisms
of e+e− → π+π−2π0, a1π, ρ+ρ− andf0(980)ρ, are free
parameters of the fit, while the number of other background
events is fixed from existing measurements.

The radiative correction and the Born cross section were
obtained by fitting the measuredωπ0 cross section (Fig. 7)
with the vector-meson dominance model including three
states from theρ family. The comparison with theωπ0 →
2π0γ cross section takes into account the phase space fac-
tor difference forω decay channels. The cross section was

obtained by limitingω invariant mass below 0.9 GeV. This
definition of theωπ0 cross section is expected to be indepen-
dent of model for theω resonance line shape. It is worth not-
ing that the form factorγ∗ωπ0 depends neither on the cross
section definition nor on theω line shape.

The systematic uncertainty of the cross section measure-
ment is less than 5 % below 1.6 GeV and rises up to 16
% at 2 GeV. The measured cross section is in agreement
with the previous measurements made at SND, CMD-3 and
BABAR [10,26–29].

3. Summary

The SND detector collected about370 pb−1 of data since
2010 in the energy range from 0.3 to 2 GeV. The process
K+K−π0 was studied and its two intermediate states were
separated. Rare radiative processesηπ0γ and2ηγ have been
studied. The new event time measurement method has signif-
icantly improved the accuracy of thenn̄ cross section mea-
surement. The dynamics of theπ+π−π0 process has been
studied above 1 GeV. Theωπ0 → π+π−2π0 cross section
is measured with high precision and is in agreement with the
previous measurements. Theπ+π− cross section has been
measured by SND with systematic uncertainty better than 1
% using machine learning.
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