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The muon g-2 anomaly showing abolit 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 detectoe$ at colliders VEPP-2000 (0.151 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 from the radiative decay processes. Large focus of ongoing
research belongs to the amplitude analyses, a study of inter-
We report recent results from the CMD-3, SND and KEDRnal dynamics of the hadronization process of an exclusive
detectors at the VEPP-2000 and VEPP-4Xe~ colliders  channels. One of the main features of Novosibirsk colliders
in the Budker Institute in Novosibirsk. VEPP-2000 [1] and is the possibility of precise energy determination with two
VEPP-4M [2] colliders were designed to operate in energiesnethods: resonant depolarization method [3] and infrared
from 0.31 to 2.01 GeV and from 2 to 10 GeV in c.m.f., re- light Compton backscattering method [4]. Budker institute
spectively. facilities are able to make precise measurement of parameters
A precise exclusive and inclusive measurement of theof vector states{” = 177) p(770), w(778), ¢(1020) and
cross sections™e~ — hadrons is the most important part its excited states, measurement of masses of megons
of our physics programme. In addition to the hadronic crosg/(25), ¥(3770), ', D*, T(ns) andr-lepton, measurement
sections there is a long list of other interests. Two photorPf total, leptonic and exclusive hadronic widths of charmo-
cross sections and transition form factors of C-even final sysnium like and other states.
tems can be measured in two fermion scattering method as The recently built injector delivers positrons to both
well as in the direct two photon production without fermions experiments at VEPP-2000 and VEPP-4M colliders. The
in final state. Another two photon physics possibility arisesKEDR detector installed on the VEPP-4M is described in
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SND data set in this range. The event selection is based on
excellente/7 separation provided by the three layer SND
calorimeter. The measurede™ — 77~ 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 thep(770), w(782), andp(1450) resonances. The
0w e e e e T ey ey model describes data well, the obtained resonance param-
FIGURE 1. Distribution of the luminosity integral collected by eters are in reasonable agreement with the previous SND
CMD-3 detector up to date over the available VEPP-2000 energymeasurement [13] and the Particle Data Group Table [14].
range. Our measurements of the'e™ — 77~ cross section are
) . in agreement with the previous energy-scan measurements
Ref. [5]. The VEPP-2000 provides a luminosity up 10 @performed at the VEPP-2M collider with the CMD-2 [15]
half of 10°* 1/cm?/s at a maximum center-of-mass energy anq SND [13] detectors. The comparison of the fit to the
from 160 MeV up to 2010 MeV. Two detectors, CMD-3 [6] gND data with the currently most accurate BABAR [16]
and SND [7, 8], are installed in the two interaction regions.ang KLOE [17] measurements performed using the initial-
Both detectors have good energy and angular resolutions fQfi5¢e radiation technique is presented in Fig. 2 (middle and
charged particles and photons. The overall distribution Ofright). The systematic difference is observed between the
the collected luminosity integral over the VEPP-2000 energysnp and BABAR data below 0.7 GeV and between the SND
range is shown in Fig. 1. At the beginning of the 2022 year,,q k| OE data above 0.7 GeV. The contribution to the muon
CMD-3 collaboration has collected about 400 1/pb overall.5,omalous magnetic moment from thee~ — 77~ chan-
Increasing collected integral makes it interesting to searchq| iy the energy region 0.53-0.88 GeV calculated using the
for rare decays likep — 77—, w — 7°u*u~ and the de- oy SND data i€409.8 4 1.4+3.9) x 10~1°. This value is in

cays of C-even mesons to hadrons, for examplel285) — 4604 agreement with the values obtained using the previous
nmtm [9]. In this report, we p_resent an overview of several gy p [13], BABAR [16], and KLOE [17] data.
specific results of data analysis.

Hadron production in the energy range 4 GeV is dom-

inated by theete™ — 77~ mode. This process gives

the main contribution to the hadronic term of the anomalous3. Measurement of theete™ — w7~ cross

magnetic moment of the muon g-2 and is crucial for its to- section with CMD-3 detector

tal theoretical precision. It is the most challenging channel

because of a high-precision requirement on systematic uncethe CMD-3 has plans to further reduce the systematic uncer-

tainties of 0.2% to complete new g-2 experiments and physicginty achieved by CMD-2. Three energy scans below 1 GeV

at future electron-positron colliders. for thert 7~ measurement were performed at VEPP-2000 in
2013, 2018 and 2020. The collected data sample corresponds

2. Measurement of theete~ — 7xtx— cross toabout 64 pb! of integrated luminosity with 18 pb dur-

section with SND detector ing tt\e firs_t scan, 45 pi during the seconq one and gbout

1 pb~! during the last one. It is already higher than in any

The measurement [10] is based on 4.6 phlata collected other experiments like previous CMD-2, the BaBar [16] and

in the energy range 0.53-0.88 GeV, about 10% of the fulthe KLOE [17] experiments (Fig. 3, left).

pb™! per 50 MeV
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FIGURE 2. Left panel: Theete™ — 777~ 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 panef)e” — =7~ data and the SND fit. The band represents the
statistical and systematic uncertainties of the SND fit combined in quadrature.
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FIGURE 3. Left panel: Statistical precision ¢F|? 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 resuligif 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.
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FIGURE 4. Left panel: Ratio of the measured 2ross-section to the common ffff,, |* 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 goathe ™.~ events are separated from others ug/fo= 0.66
include stable ed/w separation, precise fiducial volume de- GeV. At higher energies the peak of an electron shower in
termination, theoretical precision of radiative corrections,the calorimeter is far away from the peak of minimal ion-
etc. An important point is that many systematic studiesization particles. Separation using energy deposition works
rely on high collected statistics. Thet7~ process has a better at higher energies and becomes less robust at lower en-
simple event signature with two back-to-back charged partiergies. The preliminary result on the pion form factor mea-
cles. They can be selected by using the following criteriasured by the CMD-3 is shown in Fig. 3 (right), comparing
two collinear well reconstructed charged tracks are detectedwo approaches using either momentum information or en-
these tracks are close to the interaction point, both tracks a®rgy deposition. The additional corrections, common to two
inside a good region of the drift chamber. The selected datenethods €.g, the trigger efficiency), are not applied. These
sample includes events withte~, ut =, 777~ pairs and  two methods overlap in the wide energy range and provide a
cosmic muons, and it practically does not contain any othecross-check of each other. Comparison of both methods is an
physical background at energigé < 1 GeV. These final important step before publishing first results. The compari-
states can be separated using either the information about esen of results from three seasons of 2013, 2018 and 2020 is
ergy deposition in the calorimeter or that about particle mo-shown in Fig. 4 (left) (from the analysis based on momentum
menta in the drift chamber. At low energies the momentunminformation). Good agreement is seen from the fits shown by
resolution of the drift chamber is sufficient to separate dif-the lines. One of the tests in this analysis is a measurement of
ferent types of particles. The pion momentum is well asidehee™e™ — ™~ cross section at low energy, where sepa-
from the electron one up to energigs = 0.9 GeV, while  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 fitteds signal. Right panel: The preliminary SND results on #iee~ — n#@ 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 predictiorenergy deposition used as a weight. The time resolution mea-
with an overall precision of 0.25% as shown in Fig. 4 (right). sured usingte~ — ~v events is 0.8 ns, nearly an order of
elulm separation should be greatly improved with exploitingmagnitude lower than that for the 2017 run.

full power of the combined barrel calorimeter. The system-

atic contribution coming from the pion specific losses I|kerun atFl — 1.80 GeV and 1.95 GeV are shown in Fig. 5 (left).

nuclear interactions and decays in flight will be improved'The time distribution consists of the nearly uniform cosmic-
Another important source of systematics is a theoretical pre- Y

- - . o . . _ray distribution, the distribution for the beam-induced and
cision of radiative corrections [19], which is mainly coming : S .
. - physical backgrounds, which is peaked near zero, and a wide
from the theoretical prediction of momentum spectra from

differential cross sections. As seen from effects of two-""" distribution, which is shifted relative to other'e” an-

photon contributions to momentum spectra, it becomes verﬁ;ﬁgaggpaexﬁgttshzusuﬁ SOTS:Ieat?}tr'gzuéir;?igj:%(;:tsy' V';;og;ttgi
desirable to have an exact NNLO e~ — eTe™ () gener- ’

. mine the number af7z events. Our preliminary results on the
ator to reach precisiof 0.1%. L — . - -
etTe”™ — nn cross section are shown in Fig. 5 (right). The
3 statistical accuracy of the measurement is significantly im-
4. Study of the process™e™ — nn proved compared with the previous SND measurement [21].
h . ~ ious| db However, the new SND result is lower than the previous one
The processe™e™ — nn Was previously measured by . 516t 3096 at 1.9 GeV and by two times near 2 GeV. The

FENICE [20], and SND [21] l_JSing the 2011-2012 data S€lmain reasons are underestimated beam background and not
The new SND measurement is based on 2017 and 2019 dai@ite correct MC simulation in the previous measurement.

and uses a different method of signal-background separatiopq g stematic uncertainty on the cross section is estimated

compared with Ref. [21]. o ) .. to be about 15%, mainly due to MC simulation.
For 2017 data, we analyze the distribution of the time dif-

ference between the calorimeter trigger and the beam revo- Theete™ — nn cross section depends on two form fac-
lution frequency. This difference is measured with a rathettors, magnetic and electric. The ratio of the form factors can
poor resolution of about 6 ns. In the 2019 run, the time meabe determined from the analysis of the antineutron polar an-
surement technique in the calorimeter was significantly im-gle distribution. The results of the fit to the angular distribu-
proved [18]. For each calorimeter crystal, the signal from theion for the 2019 data set in three energy regions are listed
photodetector shaped with an integration time of abous1 in Table I. Our preliminary results agree with the assumption
is digitized by a flash ADC with a sampling rate of 36 MHz. that|G /G| = 1, but also do not contradict larger values
The signal amplitude and its arrival time are determined from G /G| =~ 1.4-1.5 observed in the BABAR [22] and BE-
the fit to the measured signal shape. The event time is calc$!ll [23] experiments for the ratio of proton form factors near
lated as a weighted average of crystal arrival times with the? = 2 GeV.

The time distributions for selected data events of the 2019

Supl. Rev. Mex. Fis3 0308007
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FIGURE 6. Left panel: Cross sections calculated for different components of the matrix element and the total~ 27°7+ 7~ cross

section (black circles). Right panel: The data-MC comparison ofrthe 7%, 777 ~, 7°#° and #*x° mass spectra for the process
ete™ — w270 in the energy range/s = 1.7 +— 1.8 GeV.

TABLE |. Preliminary SND results on thé& s /G| ratio.

Energy range (GeV) 1.89-1.902 1.91-1.925 1.95-1.975
|GE/GuM 0.77+0.27 1.34+0.33 1.70£0.53 F

275
Vs (GeV)

5. Other hadronic final states

FIGURE 7. R measurement with KEDR detector between 1.8 and
5.1. ete™ —4dr 3.8 GeV.

H — — 0 . .. —
Using the Iarge_data sample_ of e~ — m¥772n" (64K (leon final state. Surprisingly, o narrow structureNay’
events) andete” — 27127~ (72k events) collected by hreshold was observed fere— — m+r—x+7— Cross sec-

the CMD-3 the simultaneous analysis of these two finakion, Wwe are planning to finish new data collectionNatv
states was performed. Due to the limited detector acceptanggreshold by the middle of 2022.

the detection efficiency strongly depends on the production
dynamics, which involves the mechanism$782)7° —
p(770)27° |, aym — p(770)7, ey — onw, him —
p(770)2m , p(770)p(770), p(770)f, and others. To find
the amplitudes of these mechanisms the unbinned fit of bot
atr—27Y and 2727~ final states was done at each c.m.

energy point. The contribution of each mechanism to the tofigure, while the right-side peak corresponds to thes)

tal hagronic current of the process was calculated L_’Sing tr?Flesonance opening the production of beauty hadrons. R was
effective lagrangian approach. The performed unbinned f'Fneasured at KEDR in this energy range at 13 points between

results are in a good data/Monte Carlo agreement for both fi; 84-3.05 GeV [11]. The achieved accuracy is about or bet-
nal states, see Fig. 6 (right). Using the amplitudes obtaine f than 3.9% at the most of energy points. For the energies

in the unbinned fit the contribution of each mechanism to theabovej/qp resonance there were 9 points with a total error of

total cross section can be calculated (neglecting the 'merfe%'lbout or better than 2.6% [12]. The result is still consistent

ence), see Fig. 6 (left). More detalies about this analysis calith the pQCD predictions within their errors.
be found in Ref. [24].

5.3. The measurement of R

n Fig. 7 the most recent measurements of R are presented
the energy range between 1.8 and 3.8 GeV in comparison
with pQCD prediction. The//¢ structure is omitted in the

New data taking was done in the energy range from 4.7
_ to 7 GeV with integrated luminosity 13.7 pb. The range
5.2. Nucleon antinucleon threshold is interesting because there are no published data between 5

) - ~ GeV and 6.96 GeV [22,23]. The VEPP-4M collected statis-
In 2017 the dedicated scan of energy range arg@rahdnn e at 17 equidistant points in this energy range. The total

production thresholds was performed with small energy Step§ncertainty is expected to be about 3% with systematical un-
at VEPP-2000 collider. A very fast rise pp cross section certainty of about 2.5%.

was observed [25] with width-1 MeV, consistent with the

beam energy spread. A sharp drop at the same energies was

observed foeTe™ — 3(ntn~)andete™ - KT K- ntn~ 6. Summary

cross sections. Observed behavior of the cross sections with a

drop less than 2 MeV has similar origin, and can be explainedhe VEPP-2000 collider delivered about 400 phof inte-
by opening of the direct production of the nucleon antinu-  grated luminosity in the energy range 0:3201 GeV to the

Supl. Rev. Mex. Fis3 0308007
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SND and CMD-3 detectors from 2010 to 2022. Today VEPP+o collect O(1) 1/fb at VEPP-2000 in 5 years, which should
2000 is the only one working on direct scanning of the regiorprovide new precise results on the hadron production.

for measurement of exclusive value&™c™ — hadrons).
The VEPP-2000 results will help to reduce the error of the1.84 and 3.72 GeV at the KEDR detector. Analysis of data in
hadronic contribution to vacuum polarization. Also our re-the energy range between 4.56 and 6.96 GeV was started, ex-
sults are the independent cross-check of results from ISR prgected accuracy is less than 3%. New measuring of D-meson
cesses, future precise Lattice QCD calculations, results omasses is ongoing with the aim to increase accuracy.

data in the space-like region.

Theete™ — ntn~ andete™ — nn (preliminary) cross

The most precise measurement of R was made between

sections are measured with systematic uncertainty better théhcknowledgement
1% and 10% respectively. Publication of a large number of
precise measurements is expected soon. Data analysis fbhe work has been partially supported by the Russian Foun-
many hadronic final states is in progress. We have the godlation for Basic Research grant No. 20-02-00496 A.

t

10.

11.

12.

. A. Romanowet al,, in Proceedings of Particle Accelerator Con- 13
ference PAC 2013, Pasadena, CA USA, 2@l34.

V. V. Anashinet al., VEPP-4M Collider: Status and Plans, Proc.
of EPAC 98*, Stockholm (1998) 400.

A. D. Bukin et al,, Absolute calibration of beam energy in the
storage ring®-meson mass measurement, Preprint IYF-75-64,
1975B.

G. Ya. Kezerashvilet al, A Compton source of high-energy
polarized tagged gamma-ray beams. The ROKK-1M facility,
Nucl. Instrum. Meth. B45 (1998) 40.

V. V. Anashinet al, KEDR collaboration, The KEDR detector,
Phys. of Part. and Nuc#4 (2013) 657.

17.

. M. N. Achasovet al. (SND Collaboration), Update of the
ete”™ — pitpi~ cross-section measured by SND detector in
the energy region 400-Me\ s**(1/2) < 1000-MeV,J. Exp.
Theor. Phys103(2006) 380.

14. M. Tanabashiet al. (Particle Data Group)Phys. Rev. D98

(2018) 010001.

15. R.R. Akhmetshiret al. (CMD-2 Collaboration) Phys. Lett. B

648(2007) 28.

16. J. P. Leeset al. (BaBar Collaboration), Precise Measurement

of theete™ — 77~ () Cross Section with the Initial-State
Radiation Method at BABARPhys. Rev. 36 (2012) 032013.

A. Anastasiet al. (KLOE Collaboration) JHEP03(2018) 173.

18. M. N. Achasovet al, Time resolution of the SND electromag-

B.l. Khazinet al, Nucl. Phys .B, Proc. Sup@76(2008) 181.
A.Y. Barnyakovet al, JINST9 (2014) C09023.

Sect. A598(2009) 340.

M.N. Achasovet al. (SND Collaboration) Phys. Lett. BB0O
(2020) 135074.

M. N. Achasowet al.(SND Collaboration), Measurement of the
ete™ — w1~ process cross section with the SND detector
at the VEPP-2000 collider in the energy regidf2s < /s <
0.883 GeV,JHEP01(2021) 113.

V.V. Anashin, et al, KEDR collaboration, Measurement of R
between 1.84 and 3.05 GeV at the KEDR deteddthys. Lett.
B 770 (2017) 174.

V.V. Anashinet al., KEDR collaboration, Precise measurement
of Ruds and R between 1.84 and 3.72 GeV at the KEDR detec?
tor, Phys.Lett. B/88(2019) 42.

19.
V. M. Aulchenko et al, Nucl. Instrum. Methods Phys. Res., 20.

21.

22.

23.

25.

netic calorimeterJINST, 10 (2015) T06002.
S. Actiset al,, Eur. Phys. J. (56 (2010) 585.
A. Antonelli et al. (FENICE Collaboration), The first measure-

ment of the neutron electromagnetic form-factors in the time-
like region,Nucl. Phys. B517(1998) 3.

M. N. Achasowet al.(SND Collaboration), Study of the process
ete™ — nn at the VEPP-200@ e~ collider with the SND
detectorPhys. Rev. 0 (2014) 112007,

J. P. Leeset al. (BaBar Collaboration), Study afte™ — pp
via initial-state radiation at BABARPhys. Rev. 87 (2013)
092005.

M. Ablikim et al.(BESIII Collaboration), Measurement of pro-
ton electromagnetic form factors it e~ — pp in the energy
region2.00 — 3.08 GeV, Phys. Rev. Lettl24(2020) 042001.

. E.A. Kozyrevet al,, EPJ Web Conf212(2019) 03008.
R. R. Akhmetshiret al, Phys. Lett. B794(2019) 64.

Supl. Rev. Mex. Fis3 0308007



