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1s Inﬁ;gdnntiqn

To study the e'e” annihilation om VEPP-2M storage ring (1]

-the Cryogenic Magnetic Detector (CMD) has been used. The .
sketch of the CMD is drewm on Fig. 1. The six-gaps cylindrical
Optical spark chamber (6) is inserted inside superconductive
solenoid (7) with the maximum working magnetic field 32 kGs,
The solenoid and spark chamber axes are parallel to the beam
motion . direction. The spark chamber operates at the temperatu-
Te about 170-18B0 K and pressure about 2 atm. The high gas den-
sty (3.5 times greater than at normal condition) allows to ob-
tain spatial resolution ~ 50 }Am. Two cylindrical MPC were used
o trigger the spark chamber. The. gas mixture of the spark
chamber and the MPC'e are the same.

The solid angle of the detector is equal to 0.6 x 44 str.
Only charged particles are detected. The momentum resolution of
the CMD is A p/p = 2.5% for p = 500 MeV/c. [2].

In this paper the results of following experiments are
presented:

The charged plon formfactor in the energy region 0.36 GeV
& 2E £ 0.820 GeV has been measured. These measurements with the
repults of other experiments permit to obtain the electromagne~
tic redius of the pion, the {f¥m¢unn parameters and the hadronie
vacuum polarization contribution in the anomalous magnetic mo-
ment of the muom, which strongly depends on tke hadrons produc-
tion crose-section in the quoted energy region.

The electromagnetic formfactors of charged and neutral ka-
OR® end.cross-sections of four and five pions production are
Presented at four energy points 2E = 1.088, 1,202, 1,270 and
1:348 GeV.

The precise measurement of the neutral kaon mass with the
Téesonance depolarizationm calibration of the beam energy is also
Pregented. nHe



2. The e*e™—» W N~ reaction
. ] oA s ; ; Table 1
The squared.formfactor of the charged piom ‘has been me- -
L
asured at 19 fixed values of the colliding beams energy. 2E *. Ne W X
. . -1 w7 HB Ny /(NesH 2
Among the events obtained in each energy point the collinear - nb : I ’ ¥ /(Nes ;4 ) ]r,i
events, satisfying the following criteria were selected: g'igg 2¢T 10070 936 164 360 0.0154=0,001  1,87+-0.16
; ; ) 3 4.1 585 . .
= the angle between tracks in the plain transversal %o 0.410 3.2 6032 ';": :33 zg gogz‘;—o.unz 2¢ 13+-0.20
1< 6° . +0294-0,002  2,37+-0.
the bean axis |at|<ée, 0430 1.7 3172 239 114 96  0.034+=0.0 i
- the angle between tracks in the plain containing the 0.438 3.47 3603 353 159 &4 0-040+- «003  2.44+-0.24
& : : ; L -01003 - )
beam axie |a@|& 10°, 0.470 4.2 5000 488 250 102  0.044+-0.00 et
- the average distance between tracks and beam axis 0.580. 8.4. 3089 5333:-894 - 36 0'033,,_ «003  2,77+-0.18
aAv £ 0,15 em, 0.580 1.9 . -0.008  4,45+-0.30
. . 2020 1 o
- the particles momentum differs less than 15%. 0.620 2.2 2026 13': 423 31; g- :;;::3.308 5¢63+-0,38
The identification of the selected evenis with the 0.640 2.3 2035 182 509 77 n:222+_ﬁ'{}:; 8.62+-0,50
events of the e'e , )u'"ft" end # ¥ peir production have been Qo660 0.9 T84 68 266 23 0.312+ 0.024 s
made with the help of the likelihood function method. As an 0.700 0.3 260 23 170 23  0.592+ 0.054 ;:-g?*ﬂoﬁg :
: P4 . gz il o = -0. ATETTE
example, the distributions of the collinear events as a func- 5 ;‘;‘g Oed 253 23 308 22 1.110+=0.101 45.45+-4.09
tion of the average momentum for three energy points are O-TBO 0.7 4T3 43 583 54  1.039+-0.0T1 40.90+-2.79
shown in Pig. 2. The full lines are the theoretical curves D-?g{} 0.7 519 B 5% 10 1764+-0.086 45.01+-3.29
evaluated with the maximum likehood function method. pgit "-g 986 89 B79 84 0,818+-0.045 30.54+-1.68
— ® I s 921 8 - et K
In the Table 1 for each energy point the imtegrated lu- 0.800 0.6 1379 32 ;;3 93 0.T72+4-0.044 28.82+-1.64
minosity (L); the numbers of electron's (Ne), muons (N )s 0.820 1,2 659 59 396 gz 3'735""'0-953 2T.04+=-2,50
; «5514+=0.043 19e3%=1,51

pions (N+¢), background events (Na), obtained as a result of
separation, the ratio Ny /(Ne+Em ) end the square of pion

formfactor are listed.

detector matériai s:mi on fh i e e = :
the pions decaye in
lume of the spark chamber. RNy

The squared pion electromagnetic formfactor was calculae~

ted by the expression:
Ny Ge (A~ %e) + Sp (4~ o)

2 —
IRl = o0, T G (- (43D,

where G';.,G;h,cr - are the detactionpruss—mtims for the

reactions et e”—» a"'e'", ﬁ" ", o 2 dgmapondinglr, calcula- %
ted in the first Born epproximation of QED, Be, Py, &5 - the

radiative corrections for mentioned croes-sections calcnlated

with the accuracy of the order o> in accordance with [_3]. |

_ 3.:' 5 5? - the corrections on nuclear capture of pions in the |

The
imwrm:y::a::ical error in |l§;'[2 1s connected with the
e ative corrections evaluation (1%), uncertain-
nuclear absorption (1%) and decay corrections (1%)
doeen't exeeds 2% in each energy point. pes

The denc
P rn;xs:ri;ental data on Ip‘l E depen e on 2E --{5"
e > 4mg2 teken from works [ 4-13] and this ex-
e shown in Pig. 3. To fit all the data the model
including resonances @, W . f il *
ooy ¢, and @ (1600) or (1250) were
puiiest -dependence of € —meson width versus energy was
ed on the ground of Gounaris-Sakurai model (147 as well
-  J

-

il



as on.the model, described in the [15] « To evaluate the mo-
dels parameters the gystematical errors of the experimental
data have been taken into account as well, =s the statistical
errors. The solid line in Fif. 3 represents one of the fite
that differs very little from others. As a result of fits the
following paremeters of rf-'-meson have been founds:

M? = T75.8%1.6 MeV
{‘t = 146,9%2,6 MeV.

The model dependence of ?'-masan parameters is substan-
tially less than. statisticel end systematical errors. The
mean square electromagnetic radius of pion was determined by
differentiation of extrapolated to S = 0 model curves: °

Lry>? = (0.414%£0.002%0.003(mode1)) fm.

The first error corresponde to statistical and systemetical
uncertainties in lF,lE. The second error was estimated as a
maximal deviation of (r,)a value for different models.

The information about e'e™ anninilation into the pairs
of charged pioms, obtained in this experiment, allows to im-
Prove substantially the precislon of hadronic vecuum polari-
zation contribution Qy in the anomalous magnetic moment of
the muon ap {16,17].

The fit of the experimental date in the region 4myr°
&8 <1 GeV2, glvee for the value Qa

x5 g o
Q" = (47.46%0.57)10"°.

The contribution in &4y from other hadron channels and the
energy region asbove 1 GeV determined from presently known
experimental data on R = G’ (e*ephadrons)/G (ete™ FP ) is
equal to

hadrons + -9
Oy = (17.80%0.93)+10 -,

thus the total value of hadremic vacuum polarization is

Aw = (65.26%1.1)-1079,
Taking into account the computed in [18] electromegnetic cont-

g

ribution
¥ £1.9).40 =2
_am (1165852Z1.9)+40
and weak contribution

&_w = (2.14-.0.2}110-9 =
the anomalous magnetic moment of the muon is expected to be:

Qutneor. =Aasg Au* Ow= (1165919, 1£2.2)+1079,

that chould be compared with the last most precise experimen-
tal value [17] :

Qf L’,? = (116592¢t5i5)'10-9-

3. The ¢*o ™ K'K” reaction

To separate the events of charged kaon pairs produstion
were imposed demands snalogous to those described in the pre-
vious chapter.

The separation of the events were performed by means of
average momentum of two particles. The distributions of selec-
ted events on average momentum at foux energy points are
shown in Pig. 5. One can sée, that there are no difficulties
in separation of two charged kaons events from pairs of elect-
rons, muons and pioms in guoted energy region. The subtraction
of pomic particles background was made with the agsumption

that the momentum distribution of background evente in the Te-

gion of interest ig uniform, that can be seen in Pig. 5.

The results of events identification are listed in Pab-
le 2. The table contains the total number of collinear events
(N,o¢)s the number of events in the kaon peek (N, ), the num-
ber of events in the electrons, muons and pions bump (Ne), the
number of events between peaks (Np ), the calculated numbers
of events in the peaks of kaons and electrons (Npy , Nex ) and
the numbers of events with production of kaons and ee, }q)‘ s AW



pairs after background subtraction (Ny -~ Wy, Ne -Nge).
Table 2

2E,GeV Ny, Ny ©HNe H§NB NBy NBe IJ.,.,— *Ju. ﬂl-“""l'bt

16088 1683 39 1614 30 4.7 13.T 3443+-6.2 1600.3+~40.2
1,202 5656 93 5477 86 12.3 45.0 B80.7+-9.6 5432,0+4-T4,0
1.270 4859 80 4703 T6 12.3 34.3 67.7+-8.9 4668,7+-68,6
1.348 4786 100 4613 T3 15.6 39.0 B4.44-9.9 4574.0¢-67.9

The squared formfactor of the charged kasons was caleula-
ted by the expression:

2 N~ Naw  Gels-5+Gh (A-5)+ S IR G- 5,)0-5)

|Fur| = = Nee  Gu(A-99)(a- 20)(1- 32)

where G’g,G;,G:n ,G"-r are the detection cross-sectione for
the reactions e'e ™—» K"'K',a"'a", ﬁ‘:,«', *“x” calculated in the
- Tiret Born approximation of QED.

S.,_,S.,‘S;,,,S,,- - radiative corrections for mentioned reactions
caleulated in accordance with [3].

y Ay : ‘o"" - corrections for nuclear absorption of keons
and pione in the matter of the chamber evaluasted on the ground
of the experimental dats of [23] and found to be about 4%.

2% - the correction on keon decays in flight that change
with energy from 12% to 6%.

l&[z. - the squared formfactor of thp pion, taken f;*om the '[_13].

The e*e”, FF’ 7% events have been used to determine the

integrated luminosity in easech energy point. The integrated lu-
minosity, cross-section and squared formfactor af_charged kaon
are listed in Table 3.

The systematical error in le_t‘z'ia about 3% from uncertain-
ty in solid angle of the detector 1%, the error in radiative
corrections celculatioms 1%, uncertainties in nuclear abgorpti-
on and in decsy in flight 2% .

! | _
The values of |Fet|from this work together with other date

8

Table 3

' 2 2 '
2E,GeV  L,ndb™" G, nb | Bl lﬂwﬂ ﬁg;é%;ia
" 1;03& 5-0 12-93"'-2111 10114"“-1'86 9-?3""1#59
1.202 22.9 T.4T+-0-39 2-65"'-0-32
102?0 21!5 E'l 50-!--0.37 1-9’?""-0# 25
i 1.348 24.0 Te24+=0.79 1 90+=0.23 12924+-0.21

in this energy region are presgented in the Fig. 6. The values
of squared formfactor in the points 1.088 and 1.348 are avera-
ged with our previous work [24]. The solid line represents the
VDM with P, « and ¢ mesons. Our results are in a good Bgree-
ment with results of [27].

4. The ete™— g reaction

The peirs of neutral keons were detected by decays of
short lived kaon in flight on pair of charged pions, which are
two promg fork-like evenis. To separate such decays, the events
with the angle of noncollinearity more than 6° were selected.
In addition, the following selection criteris were imposed:

- %he total energy of both particles (both of them are as-
sumed to be pions) should be within two standard deviations of
the detector resolution from the beam energy;

- = the point decay should be in the vacuum chamber;

= the missing momentum, of the event differs from calcula-
ted kaon momentum at given energy not more than 20%;

- the missing mass with the accuracy of the detector reso-
lution should be equal to the maps of neutral long lived kaon.

- For selected events the Bquared effective mass of two pi-
ons were calculated. The summarized distribution of
events for all energy points versus that parameter is given in
Fig. Ta. The e0lid 1line under the. squared mass axis indicates
the doubled resolution of the detector on that parameter. The
events from indicated interval were assumed to be candidates
for neutral kaons (Ny. ). The mumber of background events (N )

9



in indicated interval was eatimated by the number of events
out of the interval. For comparison the distribution of the
events that didn't satisfied the selection criteria is shown
in Fig. TB. The results of events identification procedure
are ligted in Table 4. Because of low statistic the two last
Points are combined.

Table 4

2E, GeV L,nb~' Ey NB &,% Gis,nb IPee| 2
1:083 4-? 3 4] 16 4--2{'2&5 3!4“‘2-1
: —2n1 "'"1.!?
1.202 21«3 4 0.2 8 2e3+ 1.4 0.8T7+0.53
=1s1 =0D.42
1.270-1.348 4244 3 2.8 4 0+,12+1.0 0.04+0.32
-aqu -ﬂ.aq

The efficlencles have been computed by the Monte-Carlo method.
The results of efficiencies calculation ( £ ), eross-sections
of the neutral kaons pair production (G'k®) and gaquared form-
factor (\Ref) are listed in Table 4 together with integrated
luminosity (L)» The radiative corrections are sbout 5%. For
cross-gsections and squared formfactors at energies 1.270-
=1+348 GeV the upper limits could be estimated G+ £ 1.6 nb,
|Fel®< 0,48 (90% c.5.). -

The systematical error is connected mainly with efficien-
cies computation and is egqual approximately to 10%.

The experimental date onm neutral kson squared formfactor
above 1.1 GeV are shown in Pig. 8. The golii line is the pre-
diction of VDM with P, and b . '

5. The efe™» @I’ —» g 3° reaction

The events of thie process have been identificated by the
Procedure described above. The only difference is the selected
forks have been assumed to be kaons. The peaks in two keson ef-

10

fective meps end in miesing momentum distribution were gee-
king for. At the energy 2E = 1.348 GeV the upper limit on the
eross~gection have been found G,."v{ 0.5 nb (90 °/, C. L.).

6. The e'e”" > *'n 4N T" ang et "2 AN AW
reactions

Among the 180000 pictures 507 events with three and more
prongs were selected. For identificetion of multiple pion pro-
duction events the following selection criteria were imposed:

= tne events with the point of creation displaced more,
than{5 mm from the beam axie are rejected (the resolution on
this paremeter is equal to 0.3 mm);

= the total charge is equal to L 1 for thres prong events
and zero for four prongs;

- the total energy of recorded particles (all of them as-
sumed to be pions) doesn't exeed the total beams energy with
the accuracy of the detector resolution.

'For selected events the migsing mass have been computed.
In Fig. 9a,b the distributions of three and four prong events
Versus missing mase are shown. Left from the boundaries poin-
Ted by arrows the events assumed to be candidates for four pi=-
ons events. Right from the arrows the cendidates for five pions
events are situated. (the cross-section more than five pions
Production is negligible im this region). The numbers of events
with four (Nyy) end five (Ngy) pions are listed in Table 5.

Table 5
2E, L,
GeV np~ 1 Hyy N5y GJ{.' 1. G.ff »0b
1.088 5.4 5 0 2.4+4-1.4 -

1.202  24.8 64 1 8.6¢=1e2  0.3+0.4-043

1270 23.3 115 3  18.3+-2.3  0.6+-0.5

1.348  25.9 214 7  2648+=2.2  1.24=0.7

1.348 36,6 293 9  26.3+-1.9  1.0+4-0.5 (including[53]

"



The computation of efficiency for process of four charged
pions production have been performed by the Monte-Carlo me-
thod assuming the creation of one intermediate Q‘ -meson in
accordance with [31]. In Pig. 10 the effective mass spect-
rumn for two pions of opposite charges (A), for two pions of
the same charge (B) and for three plons are shown. The solid
line represemts the theoretical prediction. The choosed modsl
fits the experimental data guite good. The efficiemcy for
four pions events within the detector solid angle is equal to
18%, and is 13% for three pions events. The calculastion of ef-
ficinncj for five pions production have been carried out by
the LIPS model and was found to be 18%. In calculations the
probabilities of traeck looasing in the spark chamber (~ 10%),
the'pinn nuclear absorpfion (2%) and the pion decay in flight
( ~2%) have been taken into account.

The radiative corrections have been computed in accordan-
ce with [32] and have been found to be +(345)%.

The integrated luminosity, determined by collinear events
and experimental cross-sections of four and five pions produc-
tiong are listed in Table 5.

The systematical error in cross-section of four pions
production aroused from the error in the integrated luminogi-
ty (3%), error in efficiency computation (5%), uncertainty in
radiative correctione (1%) and doeen't exeed 7%. For the pro-
cess of five pion productiom the systematical error estimsted
to be 20%.

In Fig. 11 and Fig. 12 the experimental data on crossg-
-section of four and of five charged pions production in the
energy region 1.0 £ 2E £ 2,2 GeV are shown, ‘correspondingly.

Te The measurement of the neutral kson
.IH.B!E

In the experiment the neutral kaone have had been produ-
ced through the reaction ete™=» K KY in the % resonance peek
and have been detected by the K‘—!" whr decay. The emergy of
the initial particles in the storage ring have been measured

.12.

%‘i

by the resonance depolarization method [42,43] and keeped
congfant through a2ll the experiment within the accuracy of

15 keV ( AE/E = 3-1&'5). The gystem of the beam energy stabi-
1ization have been desoribed in [44].

There are two substantial features which differ this ex-
periment from previously done [45448]: 1. the nearness of the
kaon mases M and the beam energy E and 2. the Precise beam
energy measurement.

The.nautral kaon mass has been determined from the
eéxXpresagion

M= E= (B + B = VE - PE-Pi-2p, pcosy

where P, 4 P - the measured momentum of charged pions,
¥ =~ the angle between pion tracks.

The nsutral kaons are produced with low momertum
Py = ]i?,]_ + 'f_l which is about 5 times less than beam energy,
hence the kaon mass 3 X
o Y.

M=E(1- F5)= E- 25
accuracy is determined by the uncertainty in the beam energy
and glightly depends on the plons momentum measurement preci-
Blon. Moreover, the precise measurement of the beam energy
enables to calibrate the detector by the total energy measure-
ment of the two charged pions from the neutral kaons decays or
the energy of electron-positron palrs.

The integrated luminoeity of the experiment is equal abo-
ut 10 mb~'. The magnetic field was 15 kGs. The detection effi-
¢lency of the kaom decays into two pions was approximately
25%%. To suppress a background only events with particles mo-
mentum in frames 1304300 MeV/c were selected. The events with
more than three standard deviations of meesured points from
reconstructed trajectory were rejected. In Fig. 13 the dist-
ribution of ~1200 selected events versus total energy of two
Particles (both of them were assumed to be pions) is shown.
The pesk of neutrel kaon decays into two pions is seen as
well as low level background connected mainly with pions from

13



e —_— e — -

the a"'-'_-ar ﬂ*ir'?r'_rnutim_;._ | _ : : oy
. Comparison of the measured total energy of. two pions, as
well as average momentum of ete” pairs, with the beam energy
allows $o improve the absolute accuracy of the detector in
momentum measurements to about 0.1% level. A

The mase distribution for events wlthin arrows oa
Figs 13 is shown in Pig. 14. The neutral keon mass has been
calculated from the peek events with sorreetions ¢a defector
calibration (=20 keV), emission of Y% by the initial partic-
les (~T4 keV) and found to be

't.i

Mye = 497.645%0.079 MeV.

The error ilmcludes pure. statistical (65 keV) and errors. due

to calibration (26 keV), uncertainty in the detector resolu-
tion (30 keV), radiative correction (7 keV) amd the beam sner-
gy measurement (15 keV).

The experimental data on neutral kaon mase are showm in
Fig. 15. The solid lines show direct measurements ef the kaom
mass and dashed lines show the kaon masc, obtained from the
charged and neutral ksoa mass difference. The value of ths
masa difference following from this experiment and world ave-
rage is equal (M= 493-66710.015 Mev [54])

M- Mo = -3.978%0.080 MeV. | .

8. Comclusion

The experiments with CHMD are in progress. Now a few ti-
mes greater statistic is mmder treatment. We hnp& to improve
our reeultes in cross-gectione ¢f neutral kaon production as
well as cross-sections of multiple piom production. We conti-
nue also the neutral kaon mass measurement. The 100 nb~" in- i'
tegrated luminosity has been obtained with the precise beam
energy determination.
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