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Abstract

Results of the measurement of the ¢-meson parameters with the
general purpose detector CMD-2 at the upgraded et e™ collider VEPP-
2M at Novosibirsk are presentéd. This is the first measurement of the
four major ¢ decay modes in a single experiment. The results are
consistent with previous measurements, and have errors comparable to
the current world averages.

@ The State Scientific Center of Russia
The Budker Institute of Nuclear Physics, SB RAS

1 Introduction

The VEPP-2M collider at the Budker Institute of Nuclear Physics in
Novosibirsk, Russia, shown in Figure 1 covers the center of mass energy
range from the two pion threshold up to 1400 MeV [1]. Experiments at this
collider yielded a number of important results in ete™ physics, including
the most precise pion form factor measurements [2] and studies of the ¢,
w, and p meson decays [3, 4]. During 1988-92 it was upgraded to allow
higher positron currents and injection of the electron and positron beams
directly at the beam energy, rather than at lower energies and acceleration
after injection. After installation of the new booster, VEPP-2M has peak
luminosity L & 5. x 103%cm~2s~! at 40 mA per beam at the ¢ center of mass
energy.

In this paper we present results on the four major decay modes of the
¢: ¢ = RKsKp, ¢ — KYK~, ¢ — 5y, and ¢ — 77~ 7% based on about
290nb=" of the data collected at the ¢-meson during the 1992 runs.

2 The Detector

The CMD-2 detector shown in Figure 2 is situated in one of the inter-
action regions of VEPP-2M. It is a general purpose detector with a drift
chamber and proportional Z-chamber inside an axial magnetic field, as well
as a barrel (Csl) calorimeter and muon range system, both outside the field
[5]. A BGO endcap calorimeter has now been added but was not in place for
the data discussed here.




2.1 Tracking system

The tracking system of the detector consists of a cylindrical drift chamber
(DC) [6] with 80 jet-type drift cells arranged in three superlayers with wires
parallel to the beam, and a double layer multiwire proportional chamber with
cathode and anode readout [7] (called the Z-chamber, or ZC, and with wires
oriented along the beam axis) placed behind the DC. The outer radius of
the DC is 30 cm, and the length of the sensitive volume is 42 cmi. The Z-
chamber wires are 80 cm long and cover bigger solid angle, than DC. Both
chambers are mounted inside a thin (0.4 X;) superconducting solenoid with
an azimuthally symmetric magnetic field of 1.0 T [8]. The uniformity of the
field is better than 1.5% over the DC volume. All three coordinates of the
charged particle track in the DC are determined from the wire radius, the
drift time and charge division, with about 250 u resolution transverse to
the beam and 0.4-0.5 ¢m longitudinally. The momentum resolution seen is
3-4% for 200 MeV/c pions from neutral kaon decays and about 6% for 500
MeV electrons from ete~ elastic scattering (Bhabha) events. Figure 3 shows
the DC dE/dx response for the collinear events at the ¢-meson energy for
minimum ionizing particles (shaded) and slow kaons, selected by momenta.
This parameter was used to reduce background of slow charged kaons to plons
from other ¢ decays.

The Z-chamber anode signals are used in the trigger. The required time
resolution of less than 60 ns is determined by the VEPP-2M bunch crossing
frequency. For the fast gas mixture of freon-14 (C'Fy) with a 10% admixture
of isobutane, averaged over four hits, a time jitter of around 5 ns 1s seen.
The Z-resolution from the cathode information reconstruction is presented in
Figure 4. The resolution averaged over all track angles was found to be 0.05
em. The Z-chamber presents 2.4% radiation lengths to a passing particle.

2.2 Barrel Calorimeter

The Csl barrel calorimeter [9], 8.1 Xg deep, is placed outside the solenoid.
The calorimeter consists of 8 octants. Each octant contains 112 Csl crystals
doped with Na or Tl and arranged in 7 linear modules of 16 crystals each.
Five of these modules are constructed of the rectangular parallelepiped blocks
with a 6 x 6 x 15 em?® size while the two edge modules consist of crystals with
a special shape to assure close contact of the octants while keeping approx-
imately the same scintillator thickness in these regions. The readout was
performed by photomultipliers. The calorimeter gives an angular resolution
of 0.02-0.03 radians and an energy resolution of 8-10% (FWHM/2.36) in

the energy range 100-500 MeV, in good agreement with a simulation. The
Bhabha events are used for calibration to obtain this resolution.

' Figure 5 presents the distribution of the energy deposition of one cluster
in the calorimeter for selected events with two collinear tracks. A low energy
peak corresponds to minimum ionizing particles (ete~ — utu— 7+~ and
cosmic background) while the high energy peak is due to Bhabha events.

2.3 Range system

Tl::e muon range system consists of two double layers of streamer tubes
operating in a self-quenching streamer mode and is aimed at separation of
pions and muons [10].

The inner part of the system is placed inside the iron yoke just after the
Csl calorimeter and covers 55 % of the solid angle. It consists of 8 modules
‘.wit:h 48 streamer tubes each. For a pion the probability to hit the system and
1m1ta:te a muon is 0.35 for a single track or 0.1 for collinear tracks. The outer
part is placed outside the yoke and covers 48% of the solid angle. Five upper
modu!es have 32 tubes each while three lower have 24 tubes each. The muon
and pion separation in the outer system is characterized by probabilities of

- 0.1 and 0.01 for single and collinear tracks respectively.

The spatial resolution determined with the help of cosmic rays is 50-70

;nn?'l along a wire and the detection efficiency of the double layer is more than
9%.

2.4 Tracking processor and Trigger

The trigger [11] is started by signals from the Z-chamber. The tracking
processor generates a ”common stop” signal after finding one or more tracks
in the two inner sectors of the drift chamber. The outer sector is not used

to allow a larger solid angle for the trigger tracks. If there is no ” common
stop” signal, the stored digital information is cleared after 1.25 usec.

A pretrigger from the Z-chamber gives a rate of 10-16 kHz, dominated by
background beam interactions and sensitive to the tuning of the accelerator.
These data were taken with a trigger requiring one charged track passing
near the beam-beam interaction point, which suppresses backgrounds bj' a
factor of 60-100 to a level of 100-300 Hz. An additional requirement of 60
MeV energy deposition in the barrel calorimeter reduces the triggered data
by an additional factor of 10.

This loose trigger still includes about 90% background events, of which
about half are events with only one track and one cluster. These E':rents arise




from background beam-beam, beam-wall, and beam-gas interactions.

The data acquisition system uses a PDP-11 computer and a custom built
AP32 processor for the online control [12], with recording to the EXABYTE
tapes with the 25Hz output limit for 1 kbyte average event size. For later
data taking the DAQ limit was increased to 50 Hz by specialized optimization
of the code.

Since the acquisition of these data, an additional (third) trigger level,
coded in the AP32 processor, has been introduced, reducing the output by
another factor of 2-3.

3 Analysis

3.1 Detector Properties and Reconstruction Efficiencies

The detection and reconstruction efficiencies were determined from a
combination of simulated event studies, special dedicated runs to check trig-
ger efficiency, studies of the correlations between responses of the detector
subsystems and experimental event distributions.

‘The MC simulation of the detector is based on GEANT code [13], and a
sufficiently large sample of each channel of interest has been generated (from
6k ny to 250k Kt K~). In addition to the efficiencies in the completely
operational (ideal) detector, there are known hardware trigger and detec-
tor inefficiencies, whose effects arée estimated separately. These inefficiencies
were studied as a function of the run number using a comparison of the ex-
perimental distributions and simulation and were in the range from 4 to 35
percents.

The resulting efficiencies with their statistical errors are given as €rec in
Tables I-V along with other quantities, described in the next sections. Sys-
tematic uncertainties were estimated separately by two different procedures
of selecting Bhabha events and were found to be about 2%. They were in-
cluded in the overall systematic uncertainty of the cross section in each energy
point.

Special dedicated runs were used to estimate trigger efficiency for each
studied channel. One set of these runs uses only the trackfinder to trigger
the detector in order to study the calorimeter efficiency. Another set of runs
uses the calorimeter as the main trigger and the signal from the trackfinder
is used for efficiency studies., These efficiencies were calculated separately for
each channel. The neutral and charged parts of the trigger efficiency as well
as their combination are presented in Table VI for each channel. The last

line shows efficiencies for the given channel, normalized to the efficiency for
collinear events.

For the . v statistics 9y channel the trigger efficiencies were taken to be
the same a r three pions.

Errors from these trigger efficiencies were included into the overall sys-

tematic uncertainty of the peak cross section and branching ratio for each
channel.

3.2 Collinear Event Selection and Luminosity Determi- -
nation

The luminosity is initially determined roughly from the BGO crystal
double bremsstrahlung monitors [14]. It is determined more precisely using
the observed number (N,qi1) of the collinear ete™, ptu~, and 7t 7~ events:

jP5'}‘4:'::'1 {

o ‘
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where

Teoll = ﬂ'ee(l 5 3 ‘Erad,e} U_u_u(l 5 'lgrad,_u) . ﬂ'ﬂlrar(l + 6!‘1‘1{1,!’)

is the sum of the Born cross sections for the collinear events with radiative
corrections, obtained by Monte-Carlo simulation of the ideal detector; €,.. is
the reconstruction efficiency for collinear events; €,.;, is the trigger efficiency.
The cross sections for electrons and muons are calculated from quantum
electrodynamics, and the pion cross sections are obtained by using the values
of form factor as previously measured [2].

The criteria for the collinear events used in determining the luminosity
are:

1. Average momentum of the two charged tracks is greater than 240
MeV/c, and the transverse momentum of each track is less than 800

MeV /c. Figure 6ashows the average momentum distribution for collinear
events.

2. Azimuthal angle difference (A¢) is less than 0.1 radian. Figure 6¢ shows

the A¢ distribution, and indicates an angular resolution of about one
milliradian.

3. Tracks is nearly perpendicular to the beam: # between 1. and 2.14 ra-
dians. Figure 6b shows the polar angle distribution for collinear events,




mostly determined by Bhabha events, shown by the dashed histogram,
where an additional cut on cluster energy has been applied.

4. Number of points on each track at least 6.

5. Radial distance from the nominal collision point to the vertex is less
than 0.5 cm. Figure 6d shows the distribution of the radial distance of
the two-track vertex from the nominal collision point.

After these cuts the cross section for the collinear events is about 530
nb~!. To get a number of the collinear events, as well as for each other
channel described below, a subtraction was made in the Z-vertex distribution,
to remove cosmic ray background. The distributions of the Z-vertices for
different channels are shown in Figure 7. The number of selected collinear
events, reconstruction efficiency, calculated cross section and luminosity for
each energy point, are given in Table I. Only statistical errors are listed.

Beside with the systematic uncertainty in the determination of ¢,.. for
individual energy point (see section above), the general systematic error in
the luminosity measurement come from the uncertainty in the fiducial solid
angle and has been estimated as 3%.

3.3 Selection of Charged Kaon events

The most common decay channel of the ¢-meson is to two charged kaons.
However, the final kaons have a low kinetic energy, not sufficient to go through
the Z-chamber. The Z-chamber can be fired only by secondary particles from
nuclear interactions or decays of stopped kaons. The CMD-2 trigger demands
at least one charged track in both the drift chamber and the Z-chamber, and
our studies of the K interactions in the calorimeter [15] indicate that the
present GEANT simulation of low momentum kaon nuclear interactions is
not sufficiently accurate to allow its use in the determination of absolute
efficiencies. Therefore we use only K+ K~ events in which one kaon decays
in flight within 6 ¢ radially from the interaction region. Although the long
decay length of the kaons (about 50 cm at these energies) makes this a strong
requirement which severely reduces the number of events, at least one particle
is guaranteed to be energetic enough to make a trigger. An example of this
kind of event is shown in Figure 8. :

The cuts used in the selection of the event sample are:

1. The momentum of the charged decay product in the kaon rest frame is
between 110 and 360 MeV /c.

9. The opening angle between the decay product and the kaon is in the
interval 0.15 - 3.0 radians.

3. The momentum of the kaon is not more than 40 MeV/c exceeds the
momentum calculated from the beam energy and kaon mass.

4. The angle of the secondary muon or pion as well as the kaon angle
with respect to the z-axis is between 1.0 and 2.14 radians to guarantee
hitting the barrel calorimeter and provide trigger.

5. The decay vertex is between 0.5 ¢cm and 6 cm from the center of the
detector radially, excluding +0.3 cm around beam pipe, and within 10
cm of the center of the detector longitudinally.

Figure 9a represents a histogram of the reconstructed momentum of sec-
ondary particles from charged kaons decaying at rest. From the standard
branching ratios one expects 21% in the mode 7x° and 64% in the mode
pv. Two peaks from muons and pions are clearly seen. Figure 9b gives the
radial distance of the decay from the nominal collision point. A peak from
the nuclear interacting kaons at the Be pipe is seen.

The number of events in both decay modes ( #7° and pv) is determined
from a fit to two Gaussians centered at 205 MeV/c and 236 MeV /c respec-
tively with subtracting a smooth background, which is caused by the three-
body decays. 4

The Monte Carlo detection efficiency averaged over the ¢-meson region
for the ideal detector is 0.0203+0.0003 and slightly decreases with energy.

The detailed efficiencies and the number of events selected at each energy
are shown in Table II. The total number of K+ K~ events, with one identified
decay, 1s 2913.

3.4 Selection of K2K] Events

The KK decay mode has a branching ratio of about 34%. An example
of a Ks K double-decay event is shown in Figure 10. Usually only the Kg
decays were seen. The ¢-meson decays into Ks K with subsequent decay
Ks — ntn~ were selected with the help of the parameters shown in Figure
11. It was assumed that charged tracks are pions and imposed cuts are
enumerated below :

1. Two pions are seen in the drift chamber making a vertex within 3 cm
of the beam radially.




2. The average momentum of two charged pions (supposedly coming from
the Ks decay) is between 180 and 250 MeV /c.

3. The missing momentum in the drift chamber is between 60 and 150

MeV /c.

4. M;ny, the invariant mass of the two charged pions is between 450 and

550 ?t-’.[e\f'/r:2+

5. The momentum of each of two charged pions is between 140 and 290
MeV /c. |

6. The angles of the pions with respect to the z-axis are between 0.8 and
2.34 radians.

To obtain the number of events used in the cross section calculations,
cosmic ray events were removed by a subtraction of a smooth background in
z from the z-vertex distributions demonstrated in Figure 7bh,d. This back-
ground was low at the resonance (Figure 7b) and dominated at the energy
points aside of the resonance peak (Figure 7d).

The ideal detector efficiency for Kg with the above cuts was found from
the simulated events to range from 37.2% at a center of mass energy of 1008
MeV, to 34.8% at the highest energy of 1028.2 MeV. The average efficiency
over the ¢-meson region is determined to be 0.359 4+ 0.002. The detailed
efficiencies and number of events selected at each energy point are given in
Table III.

The total sample of events in this channel is 40,644 with a reconstructed
Ks. About 400 are with both K's and K separately reconstructed.

3.5 Selection of 77~ 7° Events

The three-pion final state was searched for in a sample of events with two

charged tracks. The tracks assumed to be pions must satisfy the following
requirements:

1. The vertex formed by the charged tracks is within 0.5 cm of the beam
position radially.

2. The momentum of each charged track is less than 500 MeV /c.

3. The missing momentum (of the supposed neutral pion) is between 100
and 500 MeV /c.

- 10

4. The missing mass squared (of the supposed neutral pion) is between
~100000 and 120000 MeV?*/c*.( Figure 12a)

5. The average momentum of the two charged tracks is between 230 and
400 MeV /c. (Figure 12¢)

6. The angles of the pions with respect to the z-axis are between 0.8 and
2.34 radians.

7. The azimuthal angular acollinearity is greater than 0.15 radians, and
A1 (the opening angle between the two charged tracks) is less than 2.5
radians to remove Ks — 77~ background.

An example of a reconstructed three pion event is shown in Figure 13. As
well as for the other channels, subtraction in z removes cosmic ray background
(Figure 7c) which is very low for this channel. The detailed efficiencies and
number of events selected at each energy point are given in Table IV. The
total number of events reconstructed in this channel 1s 11,761.

The requirement that the neutral pion be reconstructed from the pho-
ton showers in the Csl calorimeter was not applied, because 1) it reduced the
number of events by a factor of two due to the solid angle of the Csl calorime-
ter, and 2) the fraction of the reconstructed 7° was different for simulated and
real events. The last item is under study now and believed to be due to the
presence of some number of background clusters in real data. Nevertheless,
events with good reconstructed neutral pions were used to estimate nonreso-
nance background coming from four pion production. The events where a 0
was reconstructed with a momentum matching the missing momentum from
the charged particles have almost no background. The ratio of the number
of events without a reconstructed 7° to the number with found x° at the top
of the ¢-meson was 2.2. At the energy point 497 MeV per beam, this ratio
was 4.2 and 37 events with reconstructed x° were found. Applying the ratio
at the ¢-meson mass to the 37 found events, gave an estimate of 74£20 back-
ground events presented in the 155 events found without a reconstructed
This number normalized to the integrated luminosity was subtracted from
the event numbers at each energy point.

Figure 12d shows the gamma-gamma invariant mass distribution for all
possible combinations of the photon pairs. The #n® peak is very distinct. Fig-
ure 12b shows the gamma-gamma invariant mass distribution for the sample
of events with all applied cuts. The resolution of the peak is in good agree-
ment with expectations [9].

The ideal detector efficiency for this decay mode with these cuts is equal
to 0.186+0.002, independently of the center of mass energy.
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3.6 Selection of v Events

This decay of the ¢-meson with a branching ratio about 1% is searched
for using the three pion decay of the n (§ — a7~ x%). This mode is selected
from a sample of events with two tracks of opposite charge. The selected
tracks are assumed to be pions and should satisfy the following requirements:

1. The opening angle between two tracks is less than 2.5 radians to remove
Ks K events and azimuthal angular acollinearity is greater than 0.15
radians to remove Kt K~ events.

2. The vertex should be radially within 5 mm of the detector center and
longitudinally within 10 cm.

3. The invariant mass of two pions is less than 520 MeV /c>.

4. The missing mass squared of the two pions is greater than 100000
MeV?/c* (missing mass is greater than 330 MeV/c?). |

The most energetic photon is assumed to be the photon from the primary
¢ — 1y decay. Taking the 5 direction to be opposite to the photon candidate,
calculating the n energy from the known beam energy, assuming the ¢ — 5y
decay, one can then calculate the missing mass in the rest system of the 7.
The resulting missing mass plot is shown in Figure 14.

The peak at the 7° mass corresponds to n — 77~ 7" events, and an
indication of an extra events near zero corresponds to n — w775 events.
The background under the #° mass peak was fit to a smooth function and
subtracted from the peak to give the number of 5 decays in the main three
pion channel, '

Table V shows the number of selected events from the three pion decay
for each energy point. The total number of events was found to be 279+21.

The efficiency for extracting the ny signal is 0.056+£0.002 for the ideal
detector; detailed efficiencies and corrections are shown in Table V.

o

3.7 Determination of the Center of Mass Energy

The energy of the machine was set roughly by the dipole magnet cur-
rents. A precise determination of the beam energy can be made using the
measurement of the average'momentum of the kaons in the K* K~ final state
at each energy point:

Epeam = \/ P%{ + m%{ “+ ﬁdﬂf&m + Arad,
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where Aggyq; is the average ionization loss of the charged kaon and A,,q4 is
the average radiative correction due to the emission of real gammas.

The average momentum resolution o, for the kaons with momenta around
110 MeV/c is about 5 MeV/c and determined mostly by the multiple scat-
tering in DC. The statistical uncertainty in the beam energy is determined
as

oE oo o R
b s )
Eak Eheam W N

e

where N is the number of found K+ K~ pairs. These uncertainties are very
small and, depending on the number of events at each energy point, are in
the range of 0.017 - 0.040 MeV.

It is known from the resonance depolarization study, that the beam en-
ergy in the collider with the fixed magnetic field varies with the average
collider temperature as —0.032£0.010 MeV /degree and the day-night energy
variations can be as high as 0.1-0.15 MeV. To take into account these and
other possible variations, the measured average momenta for a group of runs
with the same collider energy were plotted as a function of time and fit with
a constant. This constant was further taken as an average momentum for a
given beam energy and the obtained statistical error was increased by a scale
factor S=/x?, which increased statistical errors to 0.030-0.060 MeV.

The dE/dx correction together with A.,4 were obtained by GEANT sim-
ulation of charged kaon events in the detector. The total calculated correction
as a function of the measured average momentum is shown in Figure 15. The
radtative corrections are about 100 keV and can be seen as a shoulder in this
curve. The corrections are interpolated from this curve with an additional
uncertainty of 0.015 MeV which is added quadratically to the statistical errors
above.

The overall estimate for the systematic error in the absolute energy due
to uncertainties in the material thickness (2%) and in the magnetic field
measurement (0.1%) was done and gave a result of 0.092 MeV for one beam
[23]. The estimated error in the slope of the calibration curve gives not more
than 0.010 MeV systematic error in the ¢-meson width.

Independent determination of the absolute beam energy from the energy
calibration by the resonance depolarization method can be used to study
systematic errors of the described procedure. Calibrations were performed
at few energy points before and after data taking.

Using calibrated beam energies one can recalculate the value of the cor-
rection for measured kaon momentum. These values are plotted in Figure 15
and, assuming the same momentum dependence, a new calibration curve was

13




found. As a result, the calibration curve shifted down by 0.022 MeV. This
corrected curve was used for the beam energy determination and the overall

systematic error (doubled for the center of mass energy) in this determination
was estimated to be 0.024 MeV.

The results of the energy determination, together with the luminosity
and other relevant quantities, are given in Table 1. Only statistical errors are
presented.

3.8 Radiative Corrections and Cross Section Calcula-
tion

The following formula was used for calculation of the cross section at
each energy point for each channel:

N

L - €ideal * €rec * €trig - (1 + braa)

o=

Determination of the integrated luminosity and efficiéncies was described in
previous sections.

The high statistical accuracy achieved in this experiment and even higher
data samples expected to be collected in future runs require knowledge of the
radiative corrections with an accuracy better than 0.5%, for all investigated
channels of ete~ annihilation. At this level of accuracy it is necessary to
take into account the influence of the radiative eflects on the kinematics of
the final particles. This is possible if Monte Carlo simulation is based on
the differential cross section of the process over all final particles, including
emitted photons.

Radiative corrections for the cross sections of the main channels of ete™
annihilation into hadrons and leptons were calculated according to [16, 17,
18]. For leptonic channels (ete~,utu™) the radiation of both initial and
final state particles was taken into account. The theoretical uncertainty of
the cross sections of the y*p~ and hadronic channels corrected for radiative
effects varied from 0.2% to 0.5% depending on the reaction channel. For
the Bhabha scattering the results of Ref. [18] were used. The theoretical
uncertainty in that work is about 1%, which is more than the required 0.5%
stipulated above. We expect to improve the accuracy in the calculation of
this cross section by taking into account the contribution of the next order
diagrams [19]. More details can be found elsewhere [20].

The radiative corrections used for each of the main decay modes of the
¢, are shown in Tables II-V together with the resulting cross sections. The
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uncertainties of the cross sections include both statistical and systematic
errors which were introduced for each poimnt separately. Also included were
errors caused by the influence of the uncertainty of energy determination on
the radiative corrections and on the cross sections themselves.

3.9 Fits to Data

The experimental cross sections measured for each decay mode (see Ta-
bles I-V) were used to obtain ¢ meson parameters by fitting experimental
points to its resonance curves.

The cross section of the kaon production can be written as:

T - r::r2 Pag (s %
ole) = T2 XD i s)p,

where Pk (s) is a phase space for two kaons, and in the framework of the
vector dominance model (VDM) the kaon formfactor can be written as:

9ov9pk B . Guv9ukk , 96793KK
Frs = VO
K+ = ( e s i ) - VC(s)
d
- Froo = _JPYIKE | 9unGukk | I$1I4KKR

s Ap Aw A

The propagators of the vector mesons are Av = s — m2 + i,/sT', (s), with the
energy dependence of the width as in [21}

mEPETr(S)
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(s) (B3 3 Pay(m2) " 5Py (m2) 5 TSP,n.,(mfi)]’
m5 Pog+(s) m3 Pygo(s)
F.is\ =14 (B PP :
#(s) =Ty - (Br+k sPye(m3) " KL 5Py o(m?)
i mg Py (5)
= mgParr(mi 4 SP".'T(’”:;} !

where By are the branching ratios of the major decay modes of ¢, w and p and
P;(s) are phase space factors. For two-particle decays the phase space factor
is determined by a momentum of final particle as P (s):(s/tl-rn?)ﬂﬁ, for the
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radiative decay into ny Pyy(s) = (v/5/2(1 — m2/s))? and for the three pion
final state it is a function obtained by the numerical calculation assuming the
¢ — pm — 37 model [21]. C(s) is the factor describing the interaction of the
charged kaons in the final state which is absent for the neutral kaon mode.

Using the experimental values of the electronic widths [24] for the coupling
constants g, and assuming SU(3) relations with ideal mixing

1
9okR — 9uKRK = ﬁﬂ@x.ﬁ',

the kaon formfactors may be expressed like

1 o
Frs = gpv9sxr - VC(s) - (Ap™" + ?5“-’_1 +A¢7H),

3 ‘
Fgo = ggz9gki - (—Ap~" + 55“‘“1 +Ag7H).

In the approximation of soft photon exchange the factor C(s) may be
written as C(s)=Z(1+22/47?)/(1-e~ %), Z=2wmg [pk [22] and increases the
cross section by about 5% (usually referred to as Coulomb factor). In our
kaon momentum range and the present experimental statistics the energy
dependence is negligible and the Coulomb factor may be included into the
coupling constant for charged kaons, making it different from one for neutral
kaons during the fits. It should be emphasized once again that the particular
expression for the Coulomb factor used above is based on the assumption
of the exchange by soft photons only. A more sophisticated approach could
in principle further change the relation between charged and neutral kaon
constants.

The cross section may be rewritten in terms of ¢ - the cross section in
the peak of the resonance for the selected channel:

A - : AL A~ 4+ cAwT + AdT.
& Pog(my) s°/2 | i 3 |

ox(s) =0

For the decays into 7t 7~ 7% and 5y in the frame of the VDM the cross section
may be written in the same way as:

P A8 -

’-"H.EMFE o/ P(m2)
Av ;

A=

16

3/2
Aﬁ.kg o= ”14#’1 \/ﬂ'bkgfp(mi),

where o}, and é, are a nonresonant background and a relative phase of ¢-w
mixing respectively. Only the interference with w i1s taken into account as a
dominant one. The peak cross sections for w were calculated from the PDG
values of the width and branching ratio [24]. The nonresonant background
cross section opr, was determined only for the three pion channel.

All four processes were fitted together. The peak cross sections o for
each mode, mass and width of ¢, nonresonant background and the relative
phase for the three pion decay mode were parameters in the fit. As a result
of the fit 044,=0.56+0.46 nb and was further fixed to zero. The following
results were obtained:

me = 1019.380 + 0.034 £+ 0.048 MeV ,
'y = 4.409 &+ 0.086 £+ 0.020 MeV,

o(¢p — KT K~) = 1993 + 65 + 82 nb,
o(¢p — KsKr) = 1360 £ 25 £ 49 nb,
(¢ — 3m) = 656 + 24 £ 30 nb ,

o(¢d — ny) =479 £ 3.5 £ 3.2 nb,

6 = (147 £ 16)° .

The first error represents the statistical uncertainty which includes all
systematic uncertainties for each individual energy point. The second one is
the overall systematic uncertainty, which, for the cross sections, comes from
the uncertainties in the trigger efficiencies (see Table VI), simulated ideal
efficiencies (see Sections 3.3-3.6) and from the uncertainty in the luminosity
measurement (3%). The relative phase is in good agreement with the most
precise measurement presented in [4] é4 = (155 £ 15)° .

The excitation curves of the ¢ in different modes, together with the ex-
perimental points, are shown in Figure 16.

In this experiment all the major decay modes were simultaneously mea-
sured in one detector and therefore the branching ratios can be obtained as
ratios of integrals over excitation curves independently of the width of the ¢
and the normalization uncertainties related to the luminosity measurements.
In this case instead of 7, ,; for each mode 0eak - I'4 Was a free fit parame-

ter allowing to remove correlations in the errors. The following results were
obtained:

B(¢p— K+K-) = 49.1 +1.2% .
B((,f) — IfSI{L) =335+ 1.0%;
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B(¢ — 37) = 16.2 + 0.8 % ,
B¢ —ny) = 1.18 £ 0.11 % .

The errors given here correspond to the statistical and systematic uncer-
tainties added in quadrature. The branching ratios have not been corrected
for the known 0.2% of decays to other modes, since this correction is much
less than our errors. The electron width and branching ratio to ete™ of the
¢ can also be calculated independently as I'.. = m3 /127 -5 o{T, assuming
E B; = 1 and are found to be

Fee = 1.27 4 0.05 keV,
B(¢ —ee) = (2.87 + 0.09)x 1074,

All obtained results are consistent with the Particle Data Group values
[24]. There is a small (approximately 2 o) difference in the I';, and B(¢ —ee)
- the PDG [24] gives 1.3740.05 keV and (3.0940.07)x10~%. Note that our
value of the electron width is between the current values of the muon and
electron widths quoted by the PDG [24] B(¢ — pp) = (2.48+0.34)x 101,

The final values for the mass and width from all the channels are:

my = 1019.38 + 0.06 MeV |
Ty = 4.41 £ 0.09 MeV,

to be compared with the best ones from previous eTe™ collider experi-
ments: mg = 1019.54 + 0.12 MeV, I'y=4.3610.29 MeV [3] and to the Particle
Data Group average of my = 1019.411 £ 0.008 MeV, T’y = 4.43 &+ 0.06 MeV.

4 Conclusions

In conclusion note that the measurement of the parameters of the ¢
and its four major decay modes demonstrates the ability of the detector for
precise measurements. For the first time the major parameters of the ¢ have
been measured in one experiment. Analysis of an event sample in total 5
times the data presented here is in progress and will allow new results on
rare decay modes of the ¢, including channels of interest for the design of ¢
factory detectors as well as more complete studies of systematic errors[15].
The connections between the CMD-2 research program and the future @
factory projects with luminosity (1 —3) x 10°°¢m~%s~! in Novosibirsk [25]
and at Frascati [26, 27]. have been described elsewhere [28, 29, 30, 31].
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Table 1II: Number of KK events, Efficiencies, Radiative Corrections and
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Experimental Cross Sections

Experimental Cross Sections
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2 64+15 | 0.372 | 0.86240.040 | -0.235 | 18% 5 B | aEn .m,,; e ;;gi:;;;i ”JIEEE Zigia,’,"g
3 | 379423 | 0.365 | 0.84040.028 | -0.235 | 137414 : géi e i s | o
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Table IV: Three Pion events, Efficiencies, Radiative Corrections and
L]

Experimental Cross Sections Table VI: Trigger efficiencies, extracted from the dedicated runs
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4 439421 0.1856 | 0.813+0.022 -0.240 373429
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Triggt:r Eirig Eirig Eirig Etrig
type for coll. for K4+K- for K. K¢ for 3=
events events events events
Csl 1.000 0.924+0.013 | 0.96440.011 | 0.980%0.010
TF 0.961+0.010 | 0.91240.016 | 0.96140.008 | 0.923+0.034
CsI*TF | 0.96140.010 | 0.84340.019 | 0.926+0.014 | 0.904+£0.037

1.000

0.877+0.021

0.964+0.018

0.94240.040
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Figure 2. Horizontal and vertical cross sections of the CMD-2 detector.
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solenoid; 5 — compensating solenoid; 6 — storage ring lenses; 7 - calorimeter;
8 — muon range system; 9 — magnet yoke
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Figure 15. A correction curve for energy calculation by measured kaon
momentum. Open circuses are from simulation, dark squares were obtained

{)mr? resonance depolarization runs. Lines present fits before and after cali-
rafion.

36 .

2800 1700 ¢
R ¢ —->K'K | = : ®» — KK
o] E B - &
2240 |- 1566
1680 [ 1020 |-
1120 - 680 |
! .
: 560 |- 30 [
. : | Rl A J ] 19T [ | | : - J IR R F | s |
_ 1010 1020 1030 1040 1010 1020 1030 1040
E _,MeV E _,MeV
750 N
- 3 o N
’ + -0 —Eag - + - 0
; : IR (A ¢ -t d—onNYy—>rnANTY
600 |- 72 |-
450 |- 54 |-
300 36 |-
150 |- 18 - |
0 ;_4,-4 . e ) n: o FPEAE \Hﬁ__l_
1000 1020 1040 1010 1020 1030 1040
E__,MeV E . MeV

Figure 16. The ¢-meson excitation
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curves for different channels.




