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Abstract. Since December 2010, the CMD-3 detector has collected t#te &lectron-
positron collider VEPP-2000. The sample of the accumuldtgd corresponds to about
60 pb? of integrated luminosity in the c.m. energy from 0.32 up toeRGPreliminary
results of the analysis of various processes annihilation to hadrons are presented. Itis
shown the processes with multihadron events have seveéeatiadiate states which must
be taken into account to correctly describe the angularavatiant mass distributions as
well as cross section dependence versus energy.

1 Introduction

The electron-positron collider VEPP-2000 [1] operateshat Budker Institute of Nuclear Physics
since December 2010. The collider is designed to providérasity up to 16°cm=2s™! at the maxi-
mum center-of-mass energys = 2 GeV. The new idea of «round beams» firstly applied to get high
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luminosity. Two detectors, CMD-3 [2] and SND [3], are ingdl opposite to each other in the two

beam interaction regions. The current integrated lumigasicumulated by each detector is about
60 pb~1. The main physical tasks for both detectors are to measarkatronic cross sections in the

wide energy range, and searches for the new vector and snakons and as well as for the exotic
hadrons.

The precision data of the hadronic cross sections are edjir various applications, in particu-
lar, to evaluate the anomalous magnetic moment (AMM) of magr= (g — 2),/2. The VEPP-2000
energy range gives the major hadronic contribution to AI\/HQF‘( ~ 92%) both to the hadronic vac-
uum polarization itself and to its uncertainty [4].

The precision measurement of luminosity is a key ingredaémhany experiments which study
the hadronic cross sectionsaie™ colliders. So far it is very important to have several QEDgasses
such aze*e™ — e*e™, utu, yy to have the cross check as it was done by CLEO [5]. The reslilts o
the luminosity determination and analysis of various hadraross sections are presented.

2 CMD-3 detector
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Figure 1. CMD-3 detector: 1 — beam pipe, 2 — drift chamber, 3 — BGO, daleter, 4 — Z-chamber,5 — SC
solenoid, 6 — LXe calorimeter, 7 — TOF system, 8 — Csl electgnetic calorimeter, 9 — yoke, not shown the
outer muon range system.

Cryogenic Magnetic Detector is shown in Fig. 1. The traclksraeasured by the cylindrical drift
chamber (DC). In average the momentum resolution goesiiKpe ~ 1+5%. The cylindrical MWPC
(Z-chamber) tightly embraces DC and provides z-coordinéthe track with accuracy 0.5 mm by
measuring the analog information from cathode strips. Tigeads coming from anode sectors are
used for the first level trigger and have time jitteb ns.

The calorimeter of the detector consists of three parts. @rdcap calorimeter consists of 640
BGO crystals with a thickness 13.4XThe barrel part is placed outside of the thin (0.@B3uper-
conducting solenoid with 1.3 T magnetic field. The barrebdateter consists of two parts: Liquid
Xenon calorimeter (5.49) and calorimeter with Csl crystals (8.3XL152 crystals) [6] which are ar-
ranged in 8 octants. The LXe calorimeter has a tower streq264 channels) and seven cylindrical



double layers with strips (1286 channels). The photon caiwe point is measured with precision
~1+2 mm. The energy resolution of the barrel calorimeter wassuesl using Bhabha events and
was found to besg/E ~ 4+-8%.

A new TOF system [7] has been installed between calorimé&tatstect products of the antineu-
tron annihilation under their interaction with the mattércalorimeter. This system has more fine
granularity and time resolution with respect to the pregioue.

The muon range system is mounted outside of the magneticamdkeonsists of 36 scintillation
counters in the barrel part and 8 counters at the endcapsaaniihiie resolution-1 ns.

3 Luminosity measurement

The energy range from 1 to 2GeV was scanned upward and dowmwithr a step of 50MeV. At each
energy point the integrated luminosity of about BB was accumulated. In the case of scanning
downward, the energy points at which the data were collelcte® been shifted by 25MeV with re-
spect to the previous case. The experiments were perfonmedifanuary to June 2011 and, similarly,
in 2012. The beam energy was monitored to a precision of abski¥leV by measuring of the track
curvature in DC of the Bhabha events. For several points tleegy was measured using Compton
back scattering technique, which provides accuracy of atemth keV [8]. These results were used
also to calibrate the first method of energy measured.

Two types the «CHARGED» and the «<NEUTRAL> first level triggyerere used while data have
been taking. A combinations of the signals from DC cells afséctors, which roughly repro-
duce “track”, start a special processor «TRACKFINDER» (TH)e combinations of signals from
calorimeters with dterent energy thresholds actuated the «CLUSTERFINDER» p@ftessor. A
positive decision of either processor allowed the recaydih current event onto a hard disk with
capacity about 2 TB. In the course of data accumulation, teamirequency of trigger actuations
ranged~200 + 400 Hz. The sample of collinear Bhabha evegites~ were selected for luminosity
determination, using the information about energy depmsitf these events in calorimeters.

The process*e™ — yy was also used, since it has essential advantages [9] wibcett® the first
one. ltis free of radiation of the final state particles asdGbulomb interaction, the corresponding
Feynman graphs do not contain photon propagattested by the vacuum polarizatiofiects. These
advantages are the main motivation to exploit this procesamaindependent tool for luminosity
determination.
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Figure 2. The ratio of the relative dierence of the Figure 3. Result of the measurement of muon pair
luminosities vs beam energy (scan 2012). Red line production in comparison with the QED prediction.
-fit: 0.2+ 0.3% Horizontal line - fit: 0.995+ 0.005



The collected integrated luminosity above thenass is about 34gb?, 8.3 and 8.¢b™* at thew
and¢ resonances, respectively, and 804! from a scan below thg. The peak luminosity 2 - 103
cm2s1 is limited while by a positrons injection rate and it will gelby a factor of ten after upgrade
of the injection facility.

The relative diference of the luminosities determined with two processesugeenergy is pre-
sented in Fig. 2, where only statistical errors are shownA[8Q012). The horizontal line is a fit
for this ratio and in average it is about @2.3%. The main sources which contribute to systematic
error are: contribution due to theftkrent angular resolutions for Bhabha events gndis estimated
as~0.8%; correction, which takes into account inclinationtod beam axis with respect to detector
is about~0.4%; DC z-coordinate calibration contributes about 0.3%am energy is measured with
precision ofog < 50 keV using Compton back scattering of the laser light; atidé corrections
are calculated according to [10] with the accuracy abou¥d.Presently we estimate the current
luminosity systematic uncertainty ad.% for energies higher than 1 GeV.

4 Processes with multihadrons in final states

One of the main goal of the CMD-3 experiment is to reduce aesyatic uncertainty of the cross
section of two pion production to 0.3-0.4%. Ther~ events are separated either using the particles
momentum or their energy deposition in calorimeter. Two svay event separation will provide
cross-check and is expected allow to keep the systematic @ender control. The first energy scan
below 1GeV was performed in 2013. The collected statistca few times higher than we had in
the previous CMD-2 measurements and it is at the level of K&Rstics accumulated by BaBar and
KLOE. The process*e” — u*u~ is very importance since it provides overall systematit ¢éshe
event separation accuracy. Preliminary results for thessectionr(e*e~ — u*u~) are shown in Fig.

3 with respect to the QED prediction. Horizontal line is aditfhe double ratio- /o2 /oe /oa
which was found to be 0.99%.005. At the moment this result demonstrates our poteptiader of
the event separation procedure. Study dfedlent systematic uncertaintices is going on.

4.1 Study of the processes e€"e” — KgK| and ete” —» K*K™.

It is known the CMD-2 and BaBar results for cross sectionbaptpeak region disagree at the level
~4% for charged channel, so a new measurement are required &h— KgKE andete” —» K*K~
cross sections were measured in the c.m. energy range 1.060-GeV at 25 energy points. The
neutral mode detection is based on the search of two cerdrks with common vertex in DC from
the Kg — ntn~ decay. The number of events is defined by the fit of two pionariamt mass
distribution [11].

The registration of the charged mode is based on the seatalo@entral collinear tracks of kaons
with defined momentum in DC. Each track should has ionizdtieses significantly larger than mip
due to relatively small velocity of kaons under study. Affeese requirements the level of remaining
background is less than 0.5%. The detectifiitiency of each kaon was determined with data and as
well as with MC and deliver a deviation less 1.5%.

The obtained cross sections for the neutral (published)caadged mode (preliminary) are pre-
sented in Fig. 4 and Fig. 5, correspondingly. The measuressection is approximated according
to VDM model as a sum of, w, p-like amplitudes and their excitations. The interferentaan-
resonant amplitudes with the amplitudegomeson scales in ten times and shown too at the bottom
of graphs. The neutral and charged channels were appraghsanultaneously, as a result the fol-
lowing values of thep meson parameters have been obtaineg: = 1019464+ 0.060 MeV/c?,



I'y = 4.240+0.017 MeV, ?LK; = 1.573+0.06. The obtained parameters have accuracy comparable
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or better than it was obtained in previous experiments.
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Figure 4. The cross section of the proces®™ — Figure5. The cross section of the proces®™ —
K_LKS around ¢-meson energy region. CMD-2, K*K~ around ¢-meson energy region. CMD-2,
CMD-3 and BaBar data are presented. CMD-3 and BaBar data are presented.

4.2 Study of the process e'e” — K*K=x°

To select events under study the following requires werdiegptwo track in DC with two or more
photons in calorimeter. For each pair of photons the kin@saéconstruction was done under as-
sumption that these photons are the product ofttheecay. If kinematics of these four particles
satisfies energy-momentum conservation and ionizatisse& DC corresponds to charged kaons
the combination with the smallegt is chosen. The physical background coming from the prosesse
ete” - ntnn° ete” — ntan%° and significantly suppressed by using/d€information. The
events of the processese — K*K~27° ande*e” — K*K~3x° rejected by the kinematics cuts.
The detection ficiency was determined by MC simulation with RC. Prelimingggults of the cross
section measurement are plotted in Fig. 6. Study of the djaggpnoduction this system confirms two
mechanism - productiol**K* or ®x°.
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Figure 6. ete —» K*Kz” cross section. Black Figure7. e'e — ny cross section. Black squares
squares — this analysis, only statistical errors are — this analysis, only statistical errors are shown;
shown; red dots — CMD-2. red dots — CMD-2.



4.3 Study of the processes e‘e” — ny and e'e” — %

These processes withy3n final state were studied with the whole VEPP-2000 energgea The
signal events should have at least three photons and ncstiadkC. The kinematic reconstruction
with total energy-momentum conservation was performedetiteb estimate photon parameters and
reject background calorimeter clusters. The number ofaiguents is determined from fit of the
two photon invariant mass spectrum where peaks at the psealdn meson masses are seen. The
main background comes from QED process with three photorhaaiion and they are suppressed
significantly by kinematics cuts.

The total cross-section is calculated according to the f@amo(efe” —» Py) =
N/ [L ent £det (1 + 6rad) B(P — 2y)], where P stands forz® or 5, N is the number of signal
events,L — integrated luminosityg;aq — radiation correctiongqes — detection éiciency defined
with Monte Carlo simulationB(P — 2y) — branching ratio, andyr is a neutral trigger fciency
studied with arete™ — e*e y process. The preliminary results of the cross section nreasnt at
¢-meson energy range is presented in Fig 7.

4.4 Study of the process ete” —» K*K n*n~

The cross section measurement of the proeéss —» K*K n*z~ is based on the integrated luminos-
ity of 22 pb~t in the c.m. energy range from 1.5 to 2.0 GeV and early was medsay the BaBar via
ISR. Nevertheless the direct measurements are very imppsiace some contributes & are based
on isospin relations of variousK + nrx final states. Any uncertainty of this approach will be cruicia
for thea, accuracy.

The signal events should have three or four tracks in DC cgrinom interaction region and obey
to the energy-momentum conservation. Two tracks corredipgnto kaons should have the large
ionization losses dEx in DC. Fig. 8 shows the fference between measured total energy and c.m.
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Figure 8. The diference between the total energy Figure9. Dots - thee*tes — K*K n*z~ cross sec-
and c.m. energyAE,) versus the total momen- tion measured with the CMD-3. The BaBar results
tum for the four-track events. The upper cluster are shown by open circles.

of dots represents*n~z*n~ while the lower one -

K*K~n*7~ events.

energyAE, = Eit — Ecm VS the total momentum for all events with four tracks. Thenaigevents are
located near in origin of coordinates. The cluster of evauitls a zero total momentum but shifted up
along the vertical axis, correspondsitor 77~ events.



The similar procedure was used to select signal events wétlthree-track in DC. As a result,
~13300 four-track events andl6000 three-track events were selected. To calculate atdeteti-
ciency, theK*K~z*n~ events were simulated with a primary generator using the BEApackage
and then reconstructed with the same software as expe@iata.

The cross section as a function of energy shown in Fig. 9, aldagrees with the previous BaBar
measurement [13] presented by open circles. Systematicwas studied in detail and currently is
estimated as 6% and mainly due to model dependence of thetidateficiency. More detail analyses
can be found in publication [14]

4.5 Six pion production

Production of six pions ire*e” annihilation was studied at DM2 [15] and BaBar [16]. The DM2
experiment observed a “dip” in the cross section of the ge&&*7~) near 1.9 GeV, confirmed later
by the BaBar. The origin of the “dip” remains unclear, but thest popular explanation is based on a
hypothesis of a presence of the under-threshpfij (esonance discussed in many theoretical papers
[17].

The analysis based on 2! of integrated luminosity collected in the c.m. energy rafrgen
1.5 to 2 GeV. Candidates for the process under study arereztjto have five or six tracks in DC.
For six- or five-track candidates the total energy and totahrantum are calculated, assuming all
tracks to be pions. To estimate the background MC simulaifdhe major processes2(r~z°) and
2(m* 7 )n° was performed and was found to be smaller than 1%. To deterthsanumber of events
with one missing particles, a sample with five selected sacks used too. These events have energy
deficit correlated with the total (missing) momentum. Thalgsis in detail of the process under study
can be found in [18].

To measure the cross section of the proass — 2(r* 7~ z°) the sample of events with the four
charged and two neutral pions were selected. To selectaigubns the spectrum of invariant mass
of all two photon combinations was studied inside energyfgam 60 < m,, < 200 MeV/c? and
combination with the nearest to the pion mass is chosen. Thebar of events under study at each
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Figure 10. The number of events vs the total en- Figure 11. . Cross section of the processe™ —
ergy of the system 2( 7~z°). Signsl- fit with a sum 2(n* 7~ %) vs energy. Black points - CMD3, green -
of three Gaussian functions, background - fit with BaBar.

guadratic polynomial.

energy point was determined by fit of the distributions shawig. 10 with a sum of three Gaussian
functions for signal events and quadratic polynomial fockgagound. The cross section calculates
according to the number of determine events and takes intmuat RC and detectiorfiiciency. The



preliminary results for the cross section are presentedgnlA. The analysis of the data is going on
now.

4.6 Cross sections measurement of the e'e” — nyr*n~ and ete” — watnx™ processes

The process*e™ — nr*n~ was studied in two decay modesmpf2y andz*7~7°. The signal events
should have two tracks and at least two photons. The shap@gftiotons invariant mass distribution
was fix from MC and used to determine the number ofithen~ events at each energy point. The
result of such fit at 1500 MeV is shown in Fig. 12. The prelinmneesults for the Born cross section
are shown in Fig. 13. The systematic uncertainty for thicpss is about.2% and due uncertainty
of detection éiciency, which depends of angular distribution of the finatipbes which, in one turn,
affected of intermediate states through goes this proceshieAturrent statistics it is not possible to
make conclusion about significant presence ofdfi&00). These two processes were studied when
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Figure 13. Theete — pr*n~ Born cross section
measured in thg — yy channel. The results are
presented together with BaBar data.

Figure 12. Two photons invariant mass at the en-
ergy of 1500 MeV.
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Figurel4. Theete™ — npr*n~ ande'e” — wrn~ Born cross sections measured whggndw decays into three
pionsa*7~7°. The results are presented together with BaBar data.

n andw decay to the three pions*n~7°. To determined the signal events the form of ter7°
invariant mass distribution for the system*2n~7° has been studied using Monte Carlo simulation
and was used to count the number of the signal events und#gy. stine signal events were clearly
seen which correspond tpandw decay into three pions. The preliminary results for the Bowss



sections of thete™ — nprtxr~ andete” — wr*n™ processes are shown in Fig. 14. The current sys-
tematic uncertainty for these channels we estimated as hsPainly due to the dierence between
angular distributions of charged particles in simulatiord @xperiment. The significantféérence
appears in the region of the low polar angles of the chargetsons. The study of this problem will
improve simulation and make track reconstructidiceency more realistic.

4.7 Study of the processes e'e"—»K*K pand e'e »K*K w

The analysis of the processe” —K*K~n was based on 19 pbof an integrated luminosity collected
by the CMD-3 detector in 2011-2012 in tBg,, range from 1.59 to 2.01 GeV. On the base of these
statistics we observed the contributionggfl020); intermediate state only. Candidates for the events
of the signal process were required to have two, three or timeks in the DC, coming out of the
beams intersection point. The kapion separation was performed with the usefof,(p, dE/dX)
functions [14], representing the probability density ftvacged kaofpion with the momentunp to
produce the energy lossék/dxin the DC. We consideregitmeson as a recoil particle, which allowed
us to avoid the loss of statistics due to the selection of pexific  decay mode. But such an
inclusive approach lead to the complication of the sigveikground separation. Therefore the major
background processes were studied and were found B de->K*K-w(782), ete” >K*K n*n~,
ete" - ¢ fp(500) K**(892)K 09— KK~ 7970, e'e— 271+ 271~ 27°. We perform the signgbackground
separation and 129613 signal events were extracted. The resuléhg —¢(1020); cross section

is shown in the Fig. 15 along with the BaBar results. The di/syatematic uncertainty of the cross
section measurement was estimated to be 6%. Via the cragssapproximation the(1680)-meson
parameters have been determined. The analysis of the pas->K*K~w(782) was based on 12
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Figure 15. Cross section of the process Figure 16. Cross section of the process
e'e"—¢(1020);. The BaBar data - open circles, e'e»K*K~w(782). The BaBar data - open circles,
CMD-3 - filled circles. The fit - joint approxima- CMD-3 - filled circles. The fit - approximation of
tion of CMD-3 and BaBar data. CMD-3 data.

pb~! of an integrated luminosity collected by the CMD-3 detedto2011-2012 in thé&E., range
from 1.8 to 2.01 GeV. Candidates for the events of the sigradgss were required to have three or
four tracks in the DC, flying out of the area of the beams irgtetisn. The kaofpion separation was
performed in the same way, as in thee” —>K*K ™7 process analysis. We studied the process in the
w(782)-»n* 7~ n° decay mode, considerind as a recoil particle. The major background processes
were found to be*e”—»K*K™n andete - K*K~n*x~, but their contribution was almost completely
suppressed by the cuts on the invariant and missing masde®n$ and pions. After background
suppression we performed a direct subtraction of the esdidnaumber of background events and in



total in the experiment we obtained 8880 signal events. The resultije” —>K*K~w(782) cross
section is shown in the Fig. 16 along with the BaBar resultse @verall systematic uncertainty of the
cross section measurement was estimated to be 6%.

5 Summary and conclusion

CMD-3 detector will operate with a goal to get1fb~! in 5-10 years and provides the new precise
results on the hadron production. The current integratetrosity was measured using two well
known QED processese™ — ete™, yy and systematic accuracy is estimated as 1%. Two type of the
first level triggers «CHARGED» and «NEUTRAL» deliver the emkndent information that allowed

to determine the detectiotifiziencies and to estimate their uncertainties. Data arsily#h progress,

the already collected data sample provides the same orr lsgdtEstical precision for the hadronic
cross sections than in previous experiments were achieved.
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