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The muon g-2 anomaly showing about4σ deviation between the Standard Model (SM) prediction and the experiment is one of the most
promising signals for physics beyond the SM. Also the hadronic uncertainties are limiting the accuracy of the SM prediction. We present the
role of recent results, obtained with CMD-3, SND, and KEDR detectors ate+e− colliders VEPP-2000 (0.15÷1 GeV/beam) and VEPP-4M
(1÷5 GeV/beam) in Novosibirsk, Russia, in improving the evaluations of hadronic vacuum polarization.
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1. Introduction

We report recent results from the CMD-3, SND and KEDR
detectors at the VEPP-2000 and VEPP-4Me+e− colliders
in the Budker Institute in Novosibirsk. VEPP-2000 [1] and
VEPP-4M [2] colliders were designed to operate in energies
from 0.31 to 2.01 GeV and from 2 to 10 GeV in c.m.f., re-
spectively.

A precise exclusive and inclusive measurement of the
cross sectionse+e− → hadrons is the most important part
of our physics programme. In addition to the hadronic cross
sections there is a long list of other interests. Two photon
cross sections and transition form factors of C-even final sys-
tems can be measured in two fermion scattering method as
well as in the direct two photon production without fermions
in final state. Another two photon physics possibility arises

from the radiative decay processes. Large focus of ongoing
research belongs to the amplitude analyses, a study of inter-
nal dynamics of the hadronization process of an exclusive
channels. One of the main features of Novosibirsk colliders
is the possibility of precise energy determination with two
methods: resonant depolarization method [3] and infrared
light Compton backscattering method [4]. Budker institute
facilities are able to make precise measurement of parameters
of vector states (JPC = 1−−) ρ(770), ω(778), φ(1020) and
its excited states, measurement of masses of mesonsJ/ψ,
ψ(2S), ψ(3770), D0, D±, Υ(ns) andτ -lepton, measurement
of total, leptonic and exclusive hadronic widths of charmo-
nium like and other states.

The recently built injector delivers positrons to both
experiments at VEPP-2000 and VEPP-4M colliders. The
KEDR detector installed on the VEPP-4M is described in
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FIGURE 1. Distribution of the luminosity integral collected by
CMD-3 detector up to date over the available VEPP-2000 energy
range.

Ref. [5]. The VEPP-2000 provides a luminosity up to a
half of 1032 1/cm2/s at a maximum center-of-mass energy
from 160 MeV up to 2010 MeV. Two detectors, CMD-3 [6]
and SND [7, 8], are installed in the two interaction regions.
Both detectors have good energy and angular resolutions for
charged particles and photons. The overall distribution of
the collected luminosity integral over the VEPP-2000 energy
range is shown in Fig. 1. At the beginning of the 2022 year,
CMD-3 collaboration has collected about 400 1/pb overall.
Increasing collected integral makes it interesting to search
for rare decays likeφ → π+π−, ω → π0µ+µ− and the de-
cays of C-even mesons to hadrons, for example,f1(1285) →
ηπ+π− [9]. In this report, we present an overview of several
specific results of data analysis.

Hadron production in the energy range s< 1 GeV is dom-
inated by thee+e− → π+π− mode. This process gives
the main contribution to the hadronic term of the anomalous
magnetic moment of the muon g-2 and is crucial for its to-
tal theoretical precision. It is the most challenging channel
because of a high-precision requirement on systematic uncer-
tainties of 0.2% to complete new g-2 experiments and physics
at future electron-positron colliders.

2. Measurement of thee+e− → π+π− cross
section with SND detector

The measurement [10] is based on 4.6 pb−1 data collected
in the energy range 0.53–0.88 GeV, about 10% of the full

SND data set in this range. The event selection is based on
excellente/π separation provided by the three layer SND
calorimeter. The measurede+e− → π+π− cross section is
shown in Fig. 2 (left). The systematic uncertainty in the mea-
surement is 0.8% in the energy range 0.6–0.9 GeV and 0.9%
below 0.6 GeV. The curve in Fig. 2 (left) is the result of the fit
to the data with the vector-meson-dominance (VMD) model
including theρ(770), ω(782), andρ(1450) resonances. The
model describes data well, the obtained resonance param-
eters are in reasonable agreement with the previous SND
measurement [13] and the Particle Data Group Table [14].
Our measurements of thee+e− → π+π− cross section are
in agreement with the previous energy-scan measurements
performed at the VEPP-2M collider with the CMD-2 [15]
and SND [13] detectors. The comparison of the fit to the
SND data with the currently most accurate BABAR [16]
and KLOE [17] measurements performed using the initial-
state radiation technique is presented in Fig. 2 (middle and
right). 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. The contribution to the muon
anomalous magnetic moment from thee+e− → π+π− chan-
nel in the energy region 0.53–0.88 GeV calculated using the
new SND data is(409.8±1.4±3.9)×10−10. This value is in
good agreement with the values obtained using the previous
SND [13], BABAR [16], and KLOE [17] data.

3. Measurement of thee+e− → π+π− cross
section with CMD-3 detector

The CMD-3 has plans to further reduce the systematic uncer-
tainty achieved by CMD-2. Three energy scans below 1 GeV
for theπ+π− measurement were performed at VEPP-2000 in
2013, 2018 and 2020. The collected data sample corresponds
to about 64 pb−1 of integrated luminosity with 18 pb−1 dur-
ing the first scan, 45 pb−1 during the second one and about
1 pb−1 during the last one. It is already higher than in any
other experiments like previous CMD-2, the BaBar [16] and
the KLOE [17] experiments (Fig. 3, left).

FIGURE 2. Left panel: Thee+e− → π+π− cross section measured by SND. The curve is the result of the VMD fit. The relative difference
between the BABAR [16] (middle panel) and KLOE [17] (right panel)e+e− → π+π− data and the SND fit. The band represents the
statistical and systematic uncertainties of the SND fit combined in quadrature.

Supl. Rev. Mex. Fis.3 0308007



RESULTS FROM LOW ENERGYE+E− FACILITIES OF BUDKER INSTITUTE OF NUCLEAR PHYSICS 3

FIGURE 3. Left panel: Statistical precision of|Fπ|2 from the CMD-3 data collected during the 2013 and 2018 seasons in comparison with
the results from CMD-2, BaBar, KLOE and BESIII. Right panel: Preliminary results on|Fπ|2 from CMD-3. Open crosses - separation done
using the calorimeter information, filled squares - using particle momentum. Some additional corrections, common to two methods, are not
applied.

FIGURE 4. Left panel: Ratio of the measured 2π cross-section to the common fit|Fπ|2 parametrization. Right panel: Preliminary results of
the measurement of muon pair production in comparison with the QED prediction.

The crucial pieces of analysis to reach the claimed goal
include stable e/µ/π separation, precise fiducial volume de-
termination, theoretical precision of radiative corrections,
etc. An important point is that many systematic studies
rely on high collected statistics. Theπ+π− process has a
simple event signature with two back-to-back charged parti-
cles. They can be selected by using the following criteria:
two collinear well reconstructed charged tracks are detected,
these tracks are close to the interaction point, both tracks are
inside a good region of the drift chamber. The selected data
sample includes events withe+e−, µ+µ−, π+π− pairs and
cosmic muons, and it practically does not contain any other
physical background at energies

√
s < 1 GeV. These final

states can be separated using either the information about en-
ergy deposition in the calorimeter or that about particle mo-
menta in the drift chamber. At low energies the momentum
resolution of the drift chamber is sufficient to separate dif-
ferent types of particles. The pion momentum is well aside
from the electron one up to energies

√
s = 0.9 GeV, while

theµ+µ− events are separated from others up to
√

s = 0.66
GeV. At higher energies the peak of an electron shower in
the calorimeter is far away from the peak of minimal ion-
ization particles. Separation using energy deposition works
better at higher energies and becomes less robust at lower en-
ergies. The preliminary result on the pion form factor mea-
sured by the CMD-3 is shown in Fig. 3 (right), comparing
two approaches using either momentum information or en-
ergy deposition. The additional corrections, common to two
methods (e.g., the trigger efficiency), are not applied. These
two methods overlap in the wide energy range and provide a
cross-check of each other. Comparison of both methods is an
important step before publishing first results. The compari-
son of results from three seasons of 2013, 2018 and 2020 is
shown in Fig. 4 (left) (from the analysis based on momentum
information). Good agreement is seen from the fits shown by
the lines. One of the tests in this analysis is a measurement of
thee+e− → µ+µ− cross section at low energy, where sepa-
ration was performed using momentum information. Prelimi-
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FIGURE 5. Left panel: The time distribution for selected data events collected in 2019 (points with error bars) at E=1.89 GeV. The blue
histogram is the fitted total contribution of the cosmic-ray, beam-induced and physical backgrounds. The red histogram is the sum of the
cosmic-ray background and fittednn̄ signal. Right panel: The preliminary SND results on thee+e− → nn̄ cross section (solid circles)
compared with the previous FENICE [20] (empty squares) and SND [21] (filled triangles) measurements. Only statistical errors are shown.

nary results of this test are consistent with the QED prediction
with an overall precision of 0.25% as shown in Fig. 4 (right).
e/µ/π separation should be greatly improved with exploiting
full power of the combined barrel calorimeter. The system-
atic contribution coming from the pion specific losses like
nuclear interactions and decays in flight will be improved.
Another important source of systematics is a theoretical pre-
cision of radiative corrections [19], which is mainly coming
from the theoretical prediction of momentum spectra from
differential cross sections. As seen from effects of two-
photon contributions to momentum spectra, it becomes very
desirable to have an exact NNLOe+e− → e+e−(γγ) gener-
ator to reach precision≤ 0.1%.

4. Study of the processe+e− → nn̄

The processe+e− → nn̄ was previously measured by
FENICE [20], and SND [21] using the 2011-2012 data set.
The new SND measurement is based on 2017 and 2019 data
and uses a different method of signal-background separation
compared with Ref. [21].

For 2017 data, we analyze the distribution of the time dif-
ference between the calorimeter trigger and the beam revo-
lution frequency. This difference is measured with a rather
poor resolution of about 6 ns. In the 2019 run, the time mea-
surement technique in the calorimeter was significantly im-
proved [18]. For each calorimeter crystal, the signal from the
photodetector shaped with an integration time of about 1µs
is digitized by a flash ADC with a sampling rate of 36 MHz.
The signal amplitude and its arrival time are determined from
the fit to the measured signal shape. The event time is calcu-
lated as a weighted average of crystal arrival times with the

energy deposition used as a weight. The time resolution mea-
sured usinge+e− → γγ events is 0.8 ns, nearly an order of
magnitude lower than that for the 2017 run.

The time distributions for selected data events of the 2019
run atE = 1.89 GeV and 1.95 GeV are shown in Fig. 5 (left).
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 othere+e− an-
nihilation events due to small antineutron velocity. From the
fit to data with the sum of the three distributions, we deter-
mine the number ofnn̄ events. Our preliminary results on the
e+e− → nn̄ cross section are shown in Fig. 5 (right). The
statistical accuracy of the measurement is significantly im-
proved compared with the previous SND measurement [21].
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 in the previous measurement.
The systematic uncertainty on the cross section is estimated
to be about 15%, mainly due to MC simulation.

Thee+e− → nn̄ cross section depends on two form fac-
tors, magnetic and electric. The ratio of the form factors can
be determined from the analysis of the antineutron polar an-
gle distribution. The results of the fit to the angular distribu-
tion for the 2019 data set in three energy regions are listed
in Table I. 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 BABAR [22] and BE-
SIII [23] experiments for the ratio of proton form factors near
E = 2 GeV.

Supl. Rev. Mex. Fis.3 0308007
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FIGURE 6. Left panel: Cross sections calculated for different components of the matrix element and the totale+e− → 2π0π+π− cross
section (black circles). Right panel: The data-MC comparison of theπ+π−π0, π+π−, π0π0 and π±π0 mass spectra for the process
e+e− → π+π−2π0 in the energy range

√
s = 1.7÷ 1.8 GeV.

TABLE I. 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

5. Other hadronic final states

5.1. e+e− → 4π

Using the large data sample ofe+e− → π+π−2π0 (64k
events) ande+e− → 2π+2π− (72k events) collected by
the CMD-3 the simultaneous analysis of these two final
states was performed. Due to the limited detector acceptance
the detection efficiency strongly depends on the production
dynamics, which involves the mechanismsω(782)π0 →
ρ(770)2π0 , a1π → ρ(770)π, a1π → σππ, h1π →
ρ(770)2π , ρ(770)ρ(770), ρ(770)f0 and others. To find
the amplitudes of these mechanisms the unbinned fit of both
π+π−2π0 and 2π+2π− final states was done at each c.m.
energy point. The contribution of each mechanism to the to-
tal hadronic current of the process was calculated using the
effective lagrangian approach. The performed unbinned fit
results are in a good data/Monte Carlo agreement for both fi-
nal states, see Fig. 6 (right). Using the amplitudes obtained
in the unbinned fit the contribution of each mechanism to the
total cross section can be calculated (neglecting the interfer-
ence), see Fig. 6 (left). More detalies about this analysis can
be found in Ref. [24].

5.2. Nucleon antinucleon threshold

In 2017 the dedicated scan of energy range aroundpp̄ andnn̄
production thresholds was performed with small energy steps
at VEPP-2000 collider. A very fast rise ofpp̄ cross section
was observed [25] with width∼1 MeV, consistent with the
beam energy spread. A sharp drop at the same energies was
observed fore+e− → 3(π+π−) ande+e− → K+K−π+π−

cross sections. Observed behavior of the cross sections with a
drop less than 2 MeV has similar origin, and can be explained
by opening of the direct production of the nucleon antinu-

FIGURE 7. R measurement with KEDR detector between 1.8 and
3.8 GeV.

cleon final state. Surprisingly, no narrow structure atNN̄
threshold was observed fore+e− → π+π−π+π− cross sec-
tion. We are planning to finish new data collection atNN̄
threshold by the middle of 2022.

5.3. The measurement of R

In Fig. 7 the most recent measurements of R are presented
in the energy range between 1.8 and 3.8 GeV in comparison
with pQCD prediction. TheJ/ψ structure is omitted in the
figure, while the right-side peak corresponds to theψ(2S)
resonance opening the production of beauty hadrons. R was
measured at KEDR in this energy range at 13 points between
1.84-3.05 GeV [11]. The achieved accuracy is about or bet-
ter than 3.9% at the most of energy points. For the energies
aboveJ/ψ resonance there were 9 points with a total error of
about or better than 2.6% [12]. The result is still consistent
with the pQCD predictions within their errors.

New data taking was done in the energy range from 4.7
to 7 GeV with integrated luminosity 13.7 pb−1. The range
is interesting because there are no published data between 5
GeV and 6.96 GeV [22,23]. The VEPP-4M collected statis-
tics at 17 equidistant points in this energy range. The total
uncertainty is expected to be about 3% with systematical un-
certainty of about 2.5%.

6. Summary

The VEPP-2000 collider delivered about 400 pb−1 of inte-
grated luminosity in the energy range 0.32÷2.01 GeV to the
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SND and CMD-3 detectors from 2010 to 2022. Today VEPP-
2000 is the only one working on direct scanning of the region
for measurement of exclusive valuesσ(e+e− → hadrons).
The VEPP-2000 results will help to reduce the error of the
hadronic contribution to vacuum polarization. Also our re-
sults are the independent cross-check of results from ISR pro-
cesses, future precise Lattice QCD calculations, results on
data in the space-like region.

Thee+e− → π+π− ande+e− → nn̄ (preliminary) cross
sections are measured with systematic uncertainty better then
1% and 10% respectively. Publication of a large number of
precise measurements is expected soon. Data analysis for
many hadronic final states is in progress. We have the goal

to collect O(1) 1/fb at VEPP-2000 in 5 years, which should
provide new precise results on the hadron production.

The most precise measurement of R was made between
1.84 and 3.72 GeV at the KEDR detector. Analysis of data in
the energy range between 4.56 and 6.96 GeV was started, ex-
pected accuracy is less than 3%. New measuring of D-meson
masses is ongoing with the aim to increase accuracy.
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