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We review here recent results on e+e− annihilation to hadrons below 2 GeV obtained
with the SND detector at the VEPP-2000 collider. Among others we report cross sections

and dynamics properties for the e+e− → π+π−, e+e− → nn̄, e+e− → ηπ0γ, and

e+e− → ηηγ.
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1. Introduction

SND1–4 is an universal nonmagnetic detector including a tracking system (consist-

ing of drift and proportional chambers in common gas volume), aerogel threshold

Cherenkov counters, a three-layer electromagnetic calorimeter assembled from 1640

NaI(Tl) crystals, and a muon veto system (Fig. 1).

SND collected data at the VEPP-2000 e+e− collider5 in the energy range 0.3–2.0

GeV in two runs, 2010–2013 and since 2017 up to now. Total integrated luminosity

of about 370 pb−1 was recorded. The breakdown of integrated luminosity collected

with detector by energy regions is shown in Table 1.

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

of e+e− annihilation into hadrons below 2 GeV. In particular, these measurements

are used to obtain the total hadronic cross section needed for Standard Model cal-

culation of the anomalous magnetic moment of muon and running electromagnetic
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Fig. 1. SND layout: 1 — beam pipe, 2 — tracking system, 3 — aerogel Cherenkov counter , 4 —
NaI(Tl) crystals, 5 — phototriodes, 6 — iron muon absorber, 7–9 — muon detector, 10 — focusing

solenoids.

Table 1. The breakdown of integrated luminosity collected with

detector by energy regions.

Energy range (GeV) 0.30–0.97 0.98–1.06 1.06–2.00

Integrated luminosity (pb−1) 77 31 259

coupling constant. A detailed study of dynamic of exclusive processes is also per-

formed. In this report we present SND results on e+e− annihilation to the final

states π+π−, nn̄, π+π−π0, K+K−π0, ηπ0γ, and ηηγ.

2. The e+e− → π+π− Process

The process e+e− → π+π− is very important for calculation of the hadronic contri-

bution to the (g−2) of muon. There are many known measurements of this process

cross-section. Some of them have systematic uncertainty less than 1%.

This measurement6 is based on 4.6 pb−1 data collected in the energy 0.53–

0.88 GeV, near 10 selection utilizes e/π separation based on the the three layer

SND calorimeter data.7 The measured e+e− → π+π− cross section is shown in

Fig. 2 (left). The systematic uncertainty in the measurement is ∼ 0.8% in the

energy range 0.6–0.9 GeV and ∼ 0.9% below 0.6 GeV. The result is fitted to the

data with the vector-meson-dominance (VMD) model including the ρ(770), ω(782),

and ρ(1450) resonances (Fig. 2, middle pane). The model describes data well, the

obtained resonance parameters are in reasonable agreement with the previous SND8

and other experiments9 measurements.

Thois cross section measurement of the e+e− → π+π− is in agreement with the

previous energy-scan measurements performed at the VEPP-2M collider with the

CMD-210 and SND8 detectors. The comparison of the fit to the SND data with the

currently most accurate BABAR11 and KLOE12 measurements performed using the

initial-state radiation technique the initial-state radiation technique is presented in

Fig. 2 (middle systematic differences between the SND and BABAR data below 0.7

GeV and between the SND and KLOE data above 0.7 GeV.
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Fig. 2. The e+e− → π+π− cross section measured by SND (left pane). The curve is the result

of the VMD fit. The relative difference between the BABAR11 (middle pane) and KLOE12 (right
pane) e+e− → π+π− data and the SND fit. The band represents the statistical and systematic

uncertainties of the SND fit combined in quadrature.

The contribution to the muon anomalous magnetic moment from the e+e− →
π+π− channel in the energy region 0.53–0.88 GeV calculated from this cross-section

measurement is (409.8 ± 1.4 ± 3.9) × 10−10. This value is in good agreement with

the values obtained using the previous results: (406.5±1.7±5.3)×10−10 for SND,8

(413.6±2.0±2.3)×10−10 for BABAR,11 and (403.4±0.7±2.5)×10−10 for KLOE.12

3. The e+e− → nn̄ Process

The process e+e− → nn̄ was previously measured by FENICE,13 and SND14 using

the 2011-2012 data set. The new SND measurement was based on 2017 and 2019

data and used a different method of signal-background separation compared with

Ref. 14.

For 2017 data, we analyze the distribution of the time difference between the

calorimeter trigger signal and the beam revolution synchronization signal. This dif-

ference is measured with a rather poor resolution of about 6 ns. In the 2019 run,

the time measurement technique in the calorimeter was significantly improved.15

For each calorimeter crystal, the signal from the photodetector shaped with inte-

gration time of about 1 µs was digitized with flash ADC at sampling rate ∼ 36MHz.

The signal amplitude and its arrival time were fitted with a fixed calibrated signal

shape. Then the event time was calculated as a weighted average of crystal arrival

times using the energy deposition used as a weight. The time resolution measured

for e+e− → γγ events was ∼ 0.8 ns, nearly an order of magnitude better than one

for the 2017 run.

The time distributions for selected data events of the 2019 run at E = 1.89

GeV and 1.95 GeV are shown in Fig. 3. The time distribution 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 antineutron velocity. From

the fit to data with the sum of all three distributions we were able determine the

number of nn̄ events. The shape of the beam-induced and physical background

distribution was measured using data recorded below the nn̄ threshold.
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Fig. 3. The time distribution for selected data events collected in 2019 (points with error bars)

at E = 1.89 GeV (left pane) and 1.95 GeV (right pane). The blue histogram is the fitted sum of
the cosmic-ray, beam-induced and physical backgrounds contributions, and fitted nn̄ signal.

Fig. 4. Left panel: The preliminary SND results on the e+e− → nn̄ cross section (solid circles)

compared with the previous FENICE13 (empty squares) and SND14 (filled triangles) measure-

ments. Only statistical error are shown. Right panel: The SND preliminary result on the neutron
effective form factor (circles), compared with the BESIII17 neutron form factor (stars) and the

proton form factor measured by BABAR16 (empty squares).

Our preliminary results on the e+e− → nn̄ cross section are shown in Fig. 4

(left). The statistical accuracy of the measurement is significantly improved com-

pared with the previous SND measurement.14 However the new SND result is sys-

tematically lower than the previous one by about 30% at 1.9 GeV and by two times

near 2 GeV. The main reasons were underestimated beam background and not quite

accurate MC simulation in the previous measurement. The systematic uncertainty

on the cross section is measurement. The systematic uncertainty on the cross section

is estimated to be about 15

The e+e− → nn̄ cross section depends on magnetic and electric form factors.

From the measured cross section we determine the so-called effective form factor,

which is shown in Fig. 4 (right) in comparison with with the BESIII measurement

of the neutron form factor17 above 2 GeV and the BABAR measurement of the
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Table 2. Preliminary SND results on the |GE/GM | ratio.

Energy range (GeV) 1.89–1.902 1.91–1.925 1.95–1.975

|GE/GM | 0.77± 0.27 1.34± 0.33 1.70± 0.53

proton form factor.16 The SND and BESIII results near 2 GeV are in agreement.

The proton and neutron effective form factors are close to each other in the near-

threshold region. The difference between them grows with increase of the energy.

The ratio of the form factors can be determined from the analysis of the antineu-

tron polar angle distribution. The results of the fit to the angular distribution for the

2019 data set in three energy regions are listed in Table 2. Our preliminary results

agree with the assumption that |GE/GM | = 1, but also do not contradict larger

values |GE/GM | ≈ 1.4–1.5 observed in the BABAR16 and BESIII18 experiments

for the ratio of proton form factors near E = 2 GeV.

4. The e+e− → π+π−π0γ and e+e− → K+K−π0γ Processes

These two processes were analyzed using data with an integrated luminosity of

35 pb−1 collected in 2011–2012. In the energy region 1.15–2.0 GeV we study the

dynamics of the process e+e− → π+π−π0.19 The energy region was divided into 14

intervals. For each interval, the Dalitz plot distribution and π+π− mass spectrum

were fitted by the model containing a sum of amplitudes for the three intermediate

states: ρ(770)π, ρ(1450)π, and ωπ0. The results of the fit are presented in Fig. 5

(left), where the fitted cross section for the intermediate states are shown together

with the total e+e− → π+π−π0 cross section. One can see that the cross section

for ρ(1450)π (σρ′π) differs from zero in the region of the second maximum in the

Fig. 5. Left panel: The measured energy dependences of the cross sections for the intermediate
states ρ(770)π, ρ(1450)π, and ωπ0. The curve is the result of the VMD fit to the SND data on the

total e+e− → π+π−π0 cross section. Middle panel: The e+e− → K+K−π0 cross section measured

by SND (circles) compared with the BABAR21 data (squares). The curve is the result of the VMD
fit with the φ(1020) and φ(1680) resonances. Right panel: The e+e− → φπ0 → K+K−π0 cross

section measured by SND in comparison with the two BABAR measurements.21,22 The solid curve

represents the VMD fit to the SND and BABAR data with the ρ(1450) and ρ(1700) resonances,
while the dashed curves is the result of the same fit with free parameters of the first resonance.
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e+e− → π+π−π0 cross section, corresponding to the ω(1650) resonance. In the cross

section for ρ(770)π (σρπ), clear resonance structure near 1650 MeV is absent.

We conclude that the intermediate state ρ(1450)π gives a significant contribution

to the decay of ω(1650)→ π+π−π0, while the ρ(770)π dominates in the ω(1420)→
π+π−π0 decay. The difference between the total cross section and the sum of the

three cross sections for the intermediate states is due to interference.

The e+e− → K+K−π0 process below 2 GeV proceeds predominantly through

the K∗(892)±K∓ intermediate state, but the signal from the φπ0 intermediate state

is also seen. The cross sections for the process e+e− → K+K−π0 (without φπ0) and

e+e− → φπ0 → K+K−π0 were measured separately.20 The measured cross sections

shown in Fig. 5 (middle and right) agree well with the previous measurements in

the BABAR experiment21,22 and have comparable accuracy. In the narrow region

near
√
s = 1.58 GeV all three existing measurements of the e+e− → φπ0 cross

section [see Figure 5(right)] show excess over the model including known vector

resonances. This excess can be interpreted as a contribution of the resonance with

M = 1585 ± 15 MeV and Γ = 75 ± 30 MeV. This contribution significance is

estimated at a level of about 3σ.

5. Radiative processes e+e− → ηπ0γ and e+e− → ηηγ

The processes e+e− → ηπ0γ23 and e+e− → ηηγ26 above 1.05 GeV were measured

for the first time. They were studied in the five-photon final state.

In the process e+e− → ηπ0γ there is a significant contribution of the ωη inter-

mediate state, which is seen as a peak at ω mass value in the π0γ mass distribution.

The non-ωη signal is also present. It may arise from the processes e+e− → a0(1450)γ

and a2(1320)γ. Figure 6 (left) shows the measured e+e− → ωη cross section in

comparison with the SND and CMD-3 measurements in the decay mode ω → 3π,

while Fig. 6 (middle) represents the first measurement of the non-ωη part of the

e+e− → ηπ0γ cross section.

Fig. 6. The e+e− → ωη cross section measured by SND in the ηπ0γ final state in comparison

with the SND24 and CMD-325 measurements in the π+π−π0η final state (left pane). The non-ωη
e+e− → ηπ0γ cross section measured by SND (middle pane). The the e+e− → ηηγ cross section

(right pane) measured by SND (circles) compared with the e+e− → φη cross section measured by

CMD-3 in the decay mode φ→ K+K−27 (triangles). The solid curve is the sum of the e+e− → φη,
ρη and ωη cross sections.
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The dominant intermediate state in the process e+e− → ηηγ is φη. The mea-

sured cross section shown in Fig. 6 (right) is consistent with the CMD-3 result

on e+e− → φη obtained in the decay mode φ → K+K−. The contribution from

intermediate states other than φη is not seen. The upper limits are set on a pos-

sible contribution of radiative intermediate states as f0(1500)γ or f ′2(1525)γ. In

the energy range of the ρ(1700) and φ(1680) resonances the limit is 11 pb at 90%

confidence level.
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