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Recent results of the SND experiment at the VEPP-2000 collider'en annihilation to hadrons below 2 GeV are presented. In particular,
we discuss measurements of #iee™ — 777~ andete™ — n@ cross sections. The processes™ — ntn 70, KTK 7% nrl~y
and2ny were under investigation as well. The preliminary results orethe™ — wr® — 777~ 27° cross section measurement are also
presented.
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1. Introduction

1400

G

VEPP-2000 is an electron-positron collider with the center- 1,y
of-mass energy from 0.3 to 2 GeV located at Budker In-
stitute of Nuclear Physics in Novosibirsk, Russia [1]. The 10
collider has a circumference of about 24 m and utilizes

the concept of round beams. The achieved luminosity is

4 x 1073 cm~2s~!. Two multi-purpose particle detectors, 600
SND and CMD-3, are installed at the opposite points of the
VEPP-2000 collider.

SND, Spherical Neutral Detector, is a multi-purpose non- 200 . ; ; ; : : ;
magnetic detector. It has two main systems: spherical Nal o ‘6;0‘ o ‘8;0‘ T
electromagnetic calorimeter and non-magnetic multi-wire s, Mev
drift Chaml_aer, which ar_e_used for measuring particles angle?:IGURE 1. The Born cross section of the e
and energies. The auxiliary components, muon veto systemless 2]
comprised of proportional tubes and scintillator counters, an

aerogel threshold Cherenkov counters, are used for particle, .- ¢ - i1 2013, The backgroumte~ — e*e-
identification.

. . . events were separated fr —andnt7~ events usin
The experiments with SND at VEPP-2000 started in P ot 1 T 9

) . ) machine learning [3]. The BDT classification is based on
2010. During the period from 2013 to 2016 the collider WaSjitferences in calorimeter energy depositions, which is the

upgraqled to achieve higher luminosity. Iple'ght years of Sresult of differences in electromagnetic shower shapes. The
operation the detector has collect&t) pb™" of integrated

luminosity. includi thad60 ob-! at ) b wTu~ events were subtracted from the selected events, where
uminosity, including more thalb pb- - al energies above  na nmper was taken from QED prediction. The remaining
the meson resonance. Significant portions of data were co

lected in th . q I events were taken to be signal events ofdhe™ — nt7~
ected in the energy rarlges of thew andg mesons, as we process. The contribution of trigger to systematic uncertainty
as of thef; meson anadwn threshold.

is 0.5 %, selection criteria give 0.6 %, and particle identifica-
tion gives up to 0.5 %. The uncertainty of nuclear interaction

800

400

/I\Ii\ll

N[ TTTpTTT

— atr” pro-

2. Analysis simulation and theoretical prediction give 0.2 % each, result-
ing in a total systematic uncertainty below 1.0 %. The mea-
2.1. Procesgte — nta— sured cross section was fitted with the vector-meson domi-

nance model to obtain the Born cross section and the param-
One of the recent SND results is the measurement of theters of thep meson. The obtained values of the parameters
ete™ — 7T~ process cross section [2] (Fig. 1). The anal-were found to be in agreement with PDG values. The ob-
ysis is based on the statistics collected below 980 MeV intained cross section is in agreement with VEPP-2M measure-
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FIGURE 2. The Born cross section of the¢'e™ — 77~ = pro-
cess [7-9]. The model for the fitting line takes into account the
contributions of thev(782), ¢(1020), w(1420) andw(1650) reso-
nances. The latter two correspond to two peaks visible in the cross Vs (GeV)
section. FIGURE 3. The born cross section of the"e™ — K*K —

) ) ) ] KT K~ 70 process [11,12].
ments [4], but there is a slight discrepancy with BaBar [5] and
KLOE [6] measurements. The contribution to the anomalous[11]. The cross sections of the two main intermediate states
magnetic moment of the muan, from ther ™7~ intermedi-  of this processk*(892)K (Fig. 3) and¢gr® (Fig. 4), were
ate state was calculated to mg’?gi 1.44+ 387) X 10_10 measured Separate|y_ The mass Spectrum OKtﬁ@'O sys-
(the first error is statistical, the second is systematical). tem indicates that the processe~ — K+ K0 is domi-
nated by thek* K intermediate state, whiler® gives only
much smaller contribution. The interference between these
. . mechanisms was found to give a significant contribution to
Another recent SND result in the analysis of theér—7° eetem — ¢n0 — K+K97r crosg section resulting in
dynamics in the energy range 1-2 GeV [7]. The cross S€Ghe systematical uncertainty reaching 30 %. Also we found

tion of this process was also measured (Fig. 2), with the SYShat thek*(892) K mechanism is dominated by thé1680)
tematic uncertainty less than 5 %, and agrees with previou

tate.
S.ND and BABAR measurements 8, 9] The events of the The SND results are consistent with the measurements
signal process were selected by requiring two tracks from

h d bi dt hot ith - bove 30 Me\. the BABAR [12, 13] experiment and have comparable ac-
charged pions and two photons with energies above € curacy. The contribution of an unknown resonance with the
Collinear background processes were rejected by the co

"hass near 1.6 GeVis required in additiongomesons to
dition imposed on azimuthal angles of tracks. In order to d A

investigate the dynamics of the*7— =" process, we fitted

2.2. Procesgte” — ata— a0

the two-dimensional distributions of the charged-pion mo- = s ' ' ' 1
menta (Dalitz plot) and the invariant mass destribution for g ® SND 0]
the mt7— pair. The model used in the fitting procedure is ~ § 015 A BABARK K7
the sum of thepr andwn® intermediate states, whegeis ‘g | W BABAR KSKL“:
either thep(770) or p(1450) state. The amplitude of ther® z

mechanism was fixed from the' e~ — wr® — 27%y cross 8

section [10]. The energy range with significant contributon © 0.1

of the radiative process™e™ — ¢v (1.05-1.15 GeV) was

omitted from the analysis. The contribution of th@450)r

intermediate state is observed near the energy ab{fhé50)

resonance. At our level of statistics we cannot separate the 0.05
p(1700) from the p(1450) contribution. We conclude that

the decayw(1650) — 7~ =¥ is mediated by the(1450)

state and the decay(1420) — 77~ 7 in turn is mediated

by thep(770) state. 0

1.8

2.3. Procesgte — KT K70 Vs (GeV)

The analysis of the process e~ — KTK~ 7% is based FIGURE 4. The Born cross section of the"e™ — ¢n° —
on26 pb~! of data in the energy range from 1.2 to 2.0 GeV K"K~ =" process [11-13].
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FIGURE 5. The Bomn cross section of the"e™ — wn — 7’y FIGURE 6. The Born cross section of the" e~ — nny process
process [14-17]. [21] in comparison with the expected value from thee™ — ¢n°

) ) 0 ) ) cross section measurement [19].
describe the cross section of th@” mechanism. Its sig-

nificance calculated from the difference of th&values for  that the measured cross section is consistent with the CMD-
the model with thep(1700) resonance and a resonance with3 result made with decay of — KK~ [19]. The con-
free parameters and the model with #H{@450) andp(1700)  tribution from intermediate states other théim (V' stands
states is abouto. This anomaly is present in both SND and for a vector meson), such as radiative procesgés500)y

BABAR measurements. and f3(1525)~, is not observed even when the contribution
of the main mechanisry is suppressed by kinematic con-
2.4. ProcesgTe™ — nrly straints. Thus the upper limits on the radiative intermedi-

) o ate statesf,(1500)~ and f5(1525)~, have been set using the
4o 0
The procesg™e™ — nmy is studied in the energy range -, “tochnique [22,23]. Their cross sections do not exceed

1-2 GeV for the first time [14]. The analysis uses more tharh5 and 18 pb, respectively, below 1.8 GeV with 90 % CL.
100 pb~! of data in five-photon final state. The fit to they

invariant-mass distribution was used for the study of inter ¢ processgte—
mediate states. The main intermediate state of the process

was found to bevn. Its cross section is in agreement with The process ofii production is studied near its threshold.
measurements in the — 77~ 7° decay channel (Fig. 5) The analysis is based it pb! of data collected by the
made in SND, CMD-3 and BABAR experiments [15-17]. SND detector. Events are selected using event time mea-
We found that the contribution of other hadronic mechanismsurement in the EM calorimeter [24]. Before the calorime-
pn, ¢n, ¢m°, wr® andpr?, calculated from existing measure- ter electronics upgrade in summer of 2017, the calorimeter
ments [10,12,13,18,19], is insufficient to describe the rest ofrigger time was used. After the upgrade, the time was mea-
theeTe™ — nn¥y process after subtracting the) compo-  sured with flash ADC for each calorimeter channel, providing
nent. Thus we expect that there is a contribution of radiativesignificantly better time resolution. The cross section is mea-
processes, such ag(980)v, ao(1450)y anda2(1320)v, at  sured in the energy range from nucleon-antinucleon thresh-
the level of about 15-20 pb in a wide energy range. The shapsid up to 2 GeV. The measured value is about 0.4 nb and is
of then= invariant mass spectrum suggests t#tl450)y  slightly lower than previous measurements [25] but has sig-
is the main mechanism of this radiative process. The theonificantly better accuracy.

retical prediction based on the framework of the quark model  Thenn form factor consists of electric and magnetic con-
[20] gives the radiative part of the cross section about 3-5 plributions which have different dependence on polar afigle

— nn

which is much smaller than our measurement. The fit of thecos § distributions was used to extract the ratio
of Gg to Gy, for different center of mass energies from the
2.5. Procesgte™ — 27y process threshold up to 2 GeV. At the current level of statis-

] ) ] tics the measured ratio of neutron form factors below 2 GeV
The cross section affe™ — 21y is measured in the energy agrees with unity.

range 1-2 GeV for the first time (Fig. 6) [21]. The num-

ber ofnny events is determined by fitting the distribution of 2 7 procesgte— — wr®

differencey;,, — x2, of x*-values of kinematic reconstruc-

tion in two hypotheses for the selected events. Based on thiEhe analysis ob*e~ — wr® — 777279 is based on 35
cross section of the processese™ — ¢ — KT K70, pb~! of data in the energy range 1-2 GeV, recorded by the
ete™ — wn — rta % andete™ — pn — 77w~ SND detector in 2011 and 2012. We performed a kinematic
measured in [15, 18, 19], we expect the to be the main fit to then ™7~ 27° hypothesis and take events with < 40
intermediate state. This expectation is confirmed by the fadior further analysis. The extraction of ther® contribution
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obtained by limitingw invariant mass below 0.9 GeV. This
definition of thewn cross section is expected to be indepen-
dent of model for they resonance line shape. It is worth not-
ing that the form factory*wz® depends neither on the cross
section definition nor on the 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].

FIGURE 7. The Born cross section of thete™ — wr® — 3. Summary

ntr~2x° process [10, 26-29]. 1 .
The SND detector collected abo8T0 pb™" of data since

uses fitting of ther ™7~ 7 invariant-mass spectrum. The 2010 in the energy range from 0.3 to 2 GeV. The process
number ofwr® events, as well as of three other mechanismsk ¥ K~ 7 was studied and its two intermediate states were
of ete™ — wta=2a°, aym, ptp~ and f,(980)p, are free  separated. Rare radiative processe$y and2ny have been
parameters of the fit, while the number of other backgroundtudied. The new event time measurement method has signif-
events is fixed from existing measurements. icantly improved the accuracy of then cross section mea-

The radiative correction and the Born cross section wergurement. The dynamics of the" 77" process has been
obtained by fitting the measuredr® cross section (Fig. 7) Studied above 1 GeV. Ther® — 7*a~ 27" cross section
with the vector-meson dominance model including threds measured with high precision and is in agreement with the
states from the family. The comparison with ther? — previous measurements. The 7~ cross section has been
270 cross section takes into account the phase space fagieasured by SND with systematic uncertainty better than 1
tor difference forw decay channels. The cross section was”0 using machine learning.
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