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Abstract

Preliminary results of the study of e*e™ annihilation into hadrons by the OMI
9 collaboration at VEPP-2M are presented for the c.m. energy range from 061 %
1.39 GeV. The total integrated luminosity of about 25 pb~! has been collectad
since 1992. New results are reported on the pion form factor around the p-mesos
w-meson parameters, measurements of various decay modes of the ¢-meson as well
as searches for its rare decay modes. The unique possibility to have tagged kaoss
and 7-mesons in the ¢-meson decays is used to study some decay mlndes of Kg,.K"
and n-mesons. Also discussed are the cross sections and production mechanisms
for processes of the multipion production in the non-resonant energy ranges.
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1 Introduction

Investigation of e*e™ annihilation into l%adrnns at, Iqw ene:rgies lialsl a itﬁ
history, but despite thirty years of experimental studies, we are s ill ra
far from complete understanding of the field. One needs more precise rfnz:
surements of the p-, w- and ¢-meson parameters as well ::-15 pmp?rtles 01' .
continuum which will provide unique information about interactions of light
arks troscopy of their bound states. 72
qurlfxlf Eazgii?:it;;g knlojfvledge of the total cross section {)E_ eT_e_ annihilation
into hadrons (or R = g(eTe™ — hudmns)/cr(f#e" — pp )) at low cnes
gies as well as of the magnitude of the exclusive cross sections 1s nece.sstar}-
for precise calculations of various quantit.ies. Among them a.rel- s:i!:rong in e;
action contributions to vacuum polarization for (g-2), and a(m3) [1],1 tes
of Standard Model by the hypothesis of conserved vw::ticmr r::urrent re até%
ete~ — hadrons to hadronic 7-lepton decays [2], determination of the Q

parameters based on QCD sum rules (3] etc.

In the energy range under study the energy behavior of the total hadronic
cross section as well as that of the cross sections for exclusive channels is
complicated. It is characteristic of various resonances (p,w, ¢ plus their re-
currences) as well as onsets of the separate hadronic channels. This makes
the exclusive approach the only one possible. By exclusive approach we mean
the procedure when one measures separate annihilation channels one by one.
Another reason for such an approach is the lack of a theoretical model capable
of successful quantitative description of the energy region close to threshold
of hadron production.

Following this logics, to determine the value of R we need to measure
with high precision the cross sections of 7+r— (the p-meson), various decay
modes of the w- and ¢-mesons as well as the cross sections of multihadronic
production in the continuum (beyond the resonances).

These physical tasks became the goal of the general-purpose detector
CMD-2 [4, 5] which has been running at the VEPP-2M ete— collider [6]
in Novosibirsk since 1992 studying the c.m. energy range from threshold
of hadron production to 1.4 GeV. The total integrated luminosity collected
in 1992-1998 is about 25 pb~!. This work reports on the recent results of
the analysis for various channels of e*e~ annihilation into hadrons from the
CMD-2 detector.

Here we present results of the study of the pion form factor in the energy
range from 0.61 to 0.96 GeV with a high data sample of about 150,000 events
and a record systematic uncertainty of 1.4%. The fit of the energy depen-
dence provides the information on the p-meson parameters as well as on the
magnitude of p — w interference. Various theoretical models are discussed.

Also studied are the parameters of the w-meson and consistence of the
measured mass and width with the world average values [7] are discussed.

Already the first run with the CMD-2 performed at the end of 1992 at the
¢-meson energy showed a high potential of the detector for precise studies
of the ¢-meson parameters. Using a relatively small integrated luminosity of
290 nb~! corresponding to about 400,000 @-meson decays, CMD-2 measured
for the first time the branching ratios of all four main decay modes with the
accuracy comparable to the world average [8].

Since that time several more dedicated runs around the ¢-meson have
been performed with the total integrated luminosity of 15.8 nb~! or about
2.1x107¢-meson decays. A large data sample combined with the good energy
and angular resolution of the detector allowed much more precise measure-
ments of the main decay modes as well as by far higher sensitivity in searches
for rare decay modes. Analysis of the part of this statistics for several decay
modes has already been published 9, 10, 11, 12]. Here we report on the
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recent development in the analysis:

e From a sample of 3.4 million ¢-mesons the high precision measurement
of the resonance mass and width as well as of the branching ratio for
the decay mode ¢ — K%K has been performed. Alternatively, one can
use the value of Br(¢ — K2K?) from [7] and obtain a high accuracy

value of the leptonic width.

e Magnetic dipole transitions between low lying vector and pseudoscalar
mesons are of big importance for the tests of the nonrelativistic quark
model and understanding the SU(3) symmetry breaking [13, 14]. The
probability of the decay ¢ — ny has been previously measured by
different groups via the 7-meson decays into neutral final states only
(n = 2v,n — 3x° [7, 15]). CMD-2 performed the first measurement
of this decay mode using a data sample of about 3.3 million ¢-meson

decays and the mixed final state 5 — 77",

New information has been obtained on the ¢ — 5’y decay. Since the
arst observation of this decay mode at CMD-2 described in [10], a bigges
data sample appeared due to using the endcap BGO calorimeter as wesl
as a new decay mode 5 — nt7~ 70 in addition to the previously used
1 — 2v. New analysis confirms the existence of this decay mode with
the branching ratio at the 107 level.

¢ The decay ¢ — fo(980)~ is particularly interesting for two reasons:

1. The 20% decay probability into a two kaon final state [7] seems
puzzlingly high if fo(980) is 2 member of the strangeness-() scalas
meson nonet. Various explanations for this large coupling to kaons
have been advanced including the idea that fo(980) is composed
of four quarks, with a "hidden strangeness” component: (fo =
ss5uw + d d)/V/2), or that it may be a K — K molecule (see
a list of references in [11]). The value of the branching ratio for

the ¢ — fo(980)y decay mode appears to be very sensitive 0 the
model [16, 17].

2. The presence in the final state of the KZK} from the ¢-mesos
decay is of crucial importance for the planned measurements of the
¢' /e at ¢-factories. The ¢-meson decay into fo(980)y accompams
with a low energy photon escaping detection leads to the C-evem
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final state of K3K2 and can mimic the CP-violating decay. In
accordance with [18, 19] this effect becomes important if the final
state has a C-even component as large as 5 x 1075, Although
theoretical predictions for such a decay give for the probability of
this decay the values about 107 or even much less [16, 20, 21] the
experimental measurement is needed for their confirmation.

The decay ¢ — fo(980)y with f,(980) decaying to two kaons is
expected to be too small to be observed before the ¢-factories.
But it can be probed through the f3(980) decay to two charged
or two neutral pions. In [17] the branching ratio of the decay
¢ — fo(980)y — mry is predicted at the level of (1 — 2) x 10~°
in the K — K molecule model and 5 x 10~ for the conventional
two quark structure while it is 2.4 x 10~* in the four-quark model
[16]. Thus, observation or even an upper limit for this decay mode

will help to distinguish between different possible structures of the
fo(980) meson.

In this paper we present results of a search for the ¢ — £,(980)y
decay in the event sample where two charged pions and one pho-
ton were detected in the CMD-2 detector. The events in our
sample arise primarily from the much larger background: the ra-
fiiative processes ete” — w7~y where the photon comes from
initial electrons or from final pions. Therefore the signal from the
fo(980) final state can be seen most effectively as an interference
structure at E, =~ 40 MeV in the spectrum of radiative photons.
(:)ur previous result based on a smaller data sample has been pub-
lished in [11]. As a by-product of our analysis of the 7+ 7~ events
we place an upper limit for the C-parity violating decay ¢ — p‘}j
which is two orders of magnitude stronger than before [7].
Another possibility is to study the 7°#%y final state which has
much better background conditions and to look for the possible
revelations of the decay fu(980) — #%7®. Observation of the ¢ —
Jo(980)y using this decay mode of the f,(980)-meson has been
recently reported by SND [22]. CMD-2 is able to observe both
decay modes. Here we present results of two measurements in the
charged and neutral mode of the fg(BBD} decay separately as well
as r_esults of the combined analysis of both decay modes.

Similar arguments about the unknown meson structure as well as
the background for CP studies at the ¢-factories can be equally
applied to the ag(980)-meson. The mode whose observation is
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currently feasible is that due to the ao(980) — nn? decay. First
observation of the radiative decay ¢ — ao(980)~ has been recently
reported by SND [23]. We present results of the independent study
of this decay mode with CMD-2.

e Conversion decays of any vector meson are the natural consequence of
the radiative decays when instead of a real photon the vector meson
decays into a pseudoscalar meson and a virtual photon which internally
converts into a lepton pair (electron or muon one). The values of the
branching ratios are interesting as a test of different theoretical models
as well as for the precise calculation of the background to a search
for quark-gluon plasma in heavy ion collisions. Studies of the spectra
of invariant masses for produced lepton pairs can provide important
information on the transition form factors [24]. Until recently there
existed a single measurement of the conversion decay ¢ — nete™ [25].
We report on the new determination of the branching ratio of this decay
mode by two independent methods (using the decay modes n = 73
and n — 7t7~ 70 respectively) as well as on the first observation of the
decay mode ¢ = nlete.

Rare decays of the ¢-meson to the final states with the even number of
pions (w7 ~, 2nt 27~ ) are double suppressed by the G-parity and OZI
rule and can provide important information on the mechanisms of the
OZI rule breaking. We report on the new measurement of the decay
mode ¢ = 777~ and on the first observation of the four pion mode.

As it was realized at the very early steps of the ¢-meson studies at
eTe™ colliders, KK pairs can be used for studying CP and CPT
violation. These suggestions including studies of quantum mechanical
correlations were discussed [26, 4] for experiments at VEPP-2M and
carefully reviewed later in [21]. Some preliminary results on the study
of K2K? coupled decays with the CMD-2 detector based on a relatively
small data sample have already been published [9].

It should be emphasized that the ¢ decay into two neutral kaons pro-
vides a pure KoK} state and the detection of one kaon at a long dis-
tance predetermines the presence of K% decay within few millimetres
from the beam, opening thereby a unique opportunity to study rare
decays of pure K2. We present the first direct measurement of the
branching ratio for the semileptonic decay Kg = n¥eTv.

The combination of the intensive decay of the ¢ into two slow charged
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kaons and a good 4n detector gives a possibility to study charged kaon
decays and their interactions using the recoil particle as a tag. All
major decay modes are well detected in the CMD-2 detector and their
relative rates could be measured with relatively low systematic errors.
These branching ratios were measured in optical spark chamber exper-
iments [7] in 70’s and their agreement is poor. We present our first
results on the determination of the relative branching ratios of two-
and three-particle decay modes with the accuracy comparable to the
best previous experiments.

e Because of the very high data sample of produced ¢-mesons the radia-
tive decay ¢ — 1y which proceeds with the probability of about 1.3% is
an intensive source of tagged n-mesons. Tagging is due to an exception-
ally clear signature - presence of a hard monochromatic photon with
the energy of about 360 MeV. This circumstance can be used to study
various decay modes of the 7-meson. Particularly, we report on a search
for the P- and CP-parity violating decays n = 7*#~ and 5 — 7%7° as
well as on the measurements of the branching ratios n — e*e~~ and
n — w7~ ete” with an accuracy comparable or better than the world
average.

Finally, we discuss e*e™ annihilation into four pions (two possible chan-
nels 777~ 27% and 2727~ have been studied). We show the importance of
taking into account the interference of various possible intermediate mecha-
nisms as well as of the amplitudes differing by permutations of identical pions.
The nt7x~2x° final state is dominated by a mixture of wr® and a, (1260)
mechanisms whereas the latter seems to be the only one contributing to the
2727~ final state.

For the first time we measure energy dependence of the cross section of the
process ete” — 2n7 27 7¥ and show that it is dominated by contributions
from the npnt 7~ and wrtn— states.

The structure of the preprint is as follows. While composing the text, we
did not follow strictly the physical motivations of the considered problems.
Instead, we prefer to present our results according to the logics of the analy-
sis, so that processes with similar final states and therefore similar selection
criteria are being discussed in common. For example, observation of the de-
cay mode ¢ — n'y via the i decay mode to 77~ 7 is considered together
with the production of four charged pions and similar processes. The fea-
ture combining these processes is similar selection criteria and principles of
kinematical reconstruction.



In the second Section we briefly describe the CMD-2 detector and its
performance during the experiments in 1992-1998. Section 3 presents main
features of the data taking such as the date of each run, the energy range
studied, the integrated luminosity etc. In Section 4 one describes the prelim-
inary division of the whole data sample into different classes (neutral events
or events without tracks, one track events, two track events from one vertex,
Bhabha events and all others). Section 5 deals with the procedure of luminos-
ity measurements while Section 6 describes the calculation of the radiative
corrections. Sections 7 and 8 present the methods of ¢.m. energy determina-
tion around the ¢-meson and in other energy ranges respectively. After that
we describe the physical results presenting in Section 9 the measurement of
the pion form factor and in Section 10 the determination of the w-meson pa-
rameters. Sections 11 through 25 deal with various problems studied in the
$-meson energy range while Sections 26 through 30 describe measurements
in the non-resonant energy ranges below the ¢ (Section 26) and above it (Sec-
tions 27 through 30). The work ends with brief conclusions and a summary
of all results obtained at the CMD-2 detector since 1992.

2 CMD-2 detector
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Figure 1: The layout of the CMD-2 detector: 1- beam pipe; 2 - drift chamber;
3 _ Z-chamber; 4 - superconductive solenoid; 5 - compensating magnet; 6
- endcap BGO calorimeter; 7 - barrel CsI(Tl)calorimeter; 8 - muon range
system; 9 - yoke; 10 - quadrupole lenses
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The layout of CMD-2 [5] is shown in Fig.1. The coordinate part of the
detector consists of a cylindrical drift chamber (DC) and double-layer mul-
tiwire proportional chamber (Z-chamber) with an accurate measurement of
the coordinate along the beam direction. Outside of the superconductive
solenoid [27] with a 1 T magnetic field the CsI barrel calorimeter and muon
range system are placed. To ensure a good energy resolution of the barrel
calorimeter the construction of the solenoid has been optimized to have a rea-
sonably small radiation length of 0.38 X,. The endcap calorimeter is made
of BGO crystals. Both barrel and endcap calorimeters cover a solid angle of
0.92x 47 steradians.

2.1 Drift chamber

The drift chamber [28, 29] consists of 80 jet-like cells arranged in 3 superlay-
ers. The outer radius of the DC is 30 cm and the sensitive length of wires
is 44 em. A radially moving charged particle hits 19 sense wires. The drift
coordinate in the plane transverse to the beam axis is measured with an ac-
curacy of 250 um. Coordinates along the wires (z-coordinates) are measured
by charge division with an accuracy of 0.4 cm. The momentum resolution of
the DC is equal to o, /p = /90 - (p(GeV))? + 7% . The accuracy in the mea-
surement of polar and azimuthal angles is ¢y = 1.5-107% and 64y = 7- 1073
radians respectively. Multiple sampling of the charged particle track allows
to have 20% resolution in the measurement of the specific energy losses.

2.2 Z-chamber

Z-chamber [28)] consists of two layers of MWPC, located between the radii of
30.6 and 32.3 cm. Having a total length of about 80 cm, ZC covers polar an-
gles from 0.64 to (m — 0.64) radians. The innermost and outermost cathodes
of ZC are divided in strips with a pitch of 6.5 mm and provide the measure-
ment of the track coordinate along the beam axis on the corresponding layer.
A position along the beam axis is obtained with the center-of-gravity calcu-
lation for the charges induced on the cathode strips. The spatial resolution
of ZC is ~ 250 pum for tracks perpendicular to the beam axis and degrades
to ~ 1 mm for inclined tracks.

The small anode wire spacing (~ 3 mm) and fast gas mixture (CFy +
20% iC4H1g) lead to the time resolution better than 5 ns (r.m.s.) for two
track events. This allows to use ZC as a part of the first level charged trigger,
consisting of a pretrigger and a special tracking processor (Track Finder)
looking for tracks in the DC. ;
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2.3 Barrel Csl calorimeter

The barrel electromagnetic calorimeter [30] with a thickness of 8.1 X, con-
sists of 892 6x6x15 cm® CsI(Tl) crystals, arranged in eight octants. Each
octant contains 5 rows of regular shape crystals and 2 rows of crystals spe-
cially shaped to provide tight matching with neighbouring octants. The light
readout is performed by photomultipliers.

The energy resolution of the CsI calorimeter is of the order of 8% when the
energy of the incident photon changes from 100 to 700 MeV. Both azimuthal

and polar angle resolutions are of the order of 0.02 radians.

2.4 Endcap BGO calorimeter

The endcap calorimeter [31] consists of 680 25x25x150 mm?® BGO crystals.
The thickness of the calorimeter for normally incident particles is equal to
13.4 Xp. '

All the crystals are arranged in rows by 6, 8 or 10. The calorimeter covers
polar angles from 0.28 up to 0.86 and from 2.28 up to 2.86 radians for the
first and second endcaps respectively, so that its solid angle coverage is equal
to 0.3 x 47 steradians. BGO crystals are placed in a region of high magnetic
field and the light readout is performed with a help of vacuum phototriodes.

The energy and angular resolution of the endcap calorimeter are equal to

o /E = 4.6%/+/E(GeV) and 044 = 2:107?// E{GeV') radians respectively.

2.5 Muon range system

The muon range system [32] consists of two double layers of streamer tubes
operating in a self-quenching streamer mode and is aimed at separation of

pions and muons.
The inner part consisting of 8 modules with 48 streamer tubes each and

outer part of the system cover 55% and 48% of the solid angle respectively.
Five upper modules have 32 tubes each while three lower have 24 tubes each.
For a pion with a 500 MeV energy the probability to hit the inner system
and imitate a muon is 0.35 for a single track while for the outer system this
value is 0.1.

The spatial resolution determined with the help of cosmic rays is 50-70
mm along a wire and the detection efficiency of the double layer is of the

order of 99%.
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Table 1: CMD-2 data taking information. Arrows show the direction of the
beam energy variation during scanning

Legend Date C.m. energy, Run Wiggler | [ Ldt

GeV numbers pb~*
PHI-93 16/02/93+16/07/93 | 0.99431.040 | 2100 - 2750 Yes 1.43
PHI-94/1 | 24/01/94+-01/02/94 | 1.019—0.980 | 3001 - 3040 No 0.05
RHOM-94 | 01/02/94+26/02/94 | 0.970—0.810 | 3041 - 3165 No 0.15
PHI-94/2 | 13/11/94+26/11/94 | 1.018¢31.024 | 4038 - 4106 No 0.16
RHOM-95 | 30/11/94+06/06/95 | 0.810—0.600 | 4107 - 4541 No 0.16
PHI-96 12/04/96+-14/07/96 | 0.98441.034 | 4545 - 5150 No 2.18
LOW-96 20/09/96+26/10/96 | 0.512—0.370 | 5749 - 5961 No 0.10
HIGH-97 | 29/01/97+16/06/97 | 1.040+1.370 | 6115 - 7030 No 9.93
PHI-98 10/10/97+23/03/98 | 0.984¢31.060 | 7097 - 8427 | Yes | 11.93
RHOM-98 | 24/03/98--30/06/98 | 0.970—0.360 | 8428 - 9345 Yes 3.50
HIGH-99 | 09/01/99~ 1.080— 9402 - Yes

3 Data taking and primary analysis

CMD-2 has been installed at the interaction region in 1992. Data of the
1992 run when 290 nb~! have been collected at the ¢-meson were used for
calibration of the detector subsystems and software development. As a result
of the analysis of the 1992 run, basic parameters and major decay modes of
the ¢-meson have been measured with an accuracy close to the world average
[8]. From 1993 physical runs started. In Table 1 all runs performed till 1999
are listed.

In total, in experiments with CMD-2 the integrated luminosity of 25 pb™?
has been collected so far, a part of it with a superconductive wiggler turned
on to mecrease the luminosity of the VEPP-2M collider. The bulk of data
includes 2.1 - 107 events with ¢-meson production, 3 - 10° multihadron events
and 2.1 10° =7~ events.

4 Event preselection on secondary tapes

All the events recorded were arranged in the following classes:
e Neutrals — events without tracks
e One Track Events — only one track was reconstructed

e Two Tracks coming from One Vertex — one primary vertex with two
tracks '
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e Bhabha ete~ — eTe events recorded in the BGO calorimeter

o All the Others

Events of well reconstructed background were rejected in the former three
classes only. Each class contains its own background so the selections were

class dependent.

The major background for Neutrals comes from cosmic events escaping
detection in DC. The basic signatures of this background are: only one cluster
is recorded; all the clusters are on one side from the interaction point either
along the Z-direction or in the R — ¢ - plane. The selection criteria for

Neutrals are:
e Ny=2 .
— Ap < 0.35 AND
— A < 0.5

where Ay and A# are the acollinearity angles between clusters in the
R — i - plane and R — Z - plane respectively.

'NCI}Q

— max(Ayg) < 7 —0.55 AND
— max(#;) > 5 —0.32 OR
- min(#;) < § + 0.32

where A is the minimal angle in the R — ¢ - plane containing all the
clusters. '

The major background for One Track Events is produced by showers
coming from compensating solenoids or beam interactions with the residual
gas in the beam pipe. Events of e*e -annihilation can contribute to this
class because of two reasons: one of the two tracks is not recorded or the
Offline procedure failed to reconstruct it. Events of this class are interesting
only for evaluation of reconstruction and trigger efficiencies.

For Two Tracks One Vertex events main sources of background are show-
ers from compensating solenoids, conversion at the beam pipe and cosmics
crossing DC. Cosmic events were rejected by one of the following cuts:

o min(Rpin) > 1 AND (max(piot) > 2 Eyeamn OR p1 +p2 > 3 Epeam)

o min(Romin) > 2 AND Ap < 0.1
14
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The events Bhabha in BGO were selected in the separate class due to the
low reconstruction efficiency for tracks coming at low angles relative to the
beam axis. They were selected by the following cut:

bt EEGCH >0.0- Eﬁeam AND EBGDE >0.5- Eheam

As a result of the cuts listed above, the number of events on secondary
tapes was reduced by a factor of 3 to 5 depending on the beam energy and
background conditions at VEPP-2M.

5 Luminosity measurement

Events of the reaction e*e™ — ete™ were used for the luminosity measure-
ment. The integrated luminosity was calculated as

N,
Lt = =
[ B - (1 +5) 'Erec] (1)

where N, is the number of collected ete™ events, g is the Born cross-
section of the ete™ — eTe™, § is the radiative correction and Erec 18 the
reconstruction efficiency.

The collinear events were selected by the following criteria:

e Only one vertex in DC with two opposite charge tracks was found.
e The distance from the vertex to the beam axis r,.,; < 0.3 cm.

¢ Z-coordinate of the vertex |zyere| < 8 cm.

e Average momentum of two tracks 200 < p,, < 1000 MeV /c.

¢ Acollinearity angle of two tracks in the plane transverse to the beam
axis |Ap| = |1 — |1 — w2]| < 0.15 radians.

¢ Acollinearity angle of two tracks in the plane that contains the beam
axis |Af| = |6; — (7 — 6,)| < 0.25 radians.

* Average polar angle of two tracks O.min < [01+ (7 —62)]/2 < (77— Opmin)
All analysis was done separately for #,,i, = 1.0 and 0,4, = 1.1.

The selected set consists of ete™ — eTe™, ete™ = ata—, ete™ = putpu—
and the cosmic background events. Energy depositions of both particles
of the event are used for event separation. Electrons and positrons unlike
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mesons have the large energy deposition in the calorimeter. Therefore for
eTe™ — eTe™ both particles usually have the large energy deposition while
for events of other types one or both particles usually have the small energy
deposition. The example of the energy deposition of collinear events is shown
in Fig. 9.

The separation of eTe~ — eTe™ events is performed in two steps. At
the first step events with the large energy deposition (150 MeV + Ep.qm /2) <
E < Ejyeqm of one particle are selected (E is the energy deposition). These so
called “test” events consist of eTe™ -+ eTe™ with negligible background from
ete~ — 7~ where pion(s) have nuclear interactions in the calorimeter. It
is assumed that the energy depositions of both particles in the event ame
independent (uncorrelated). Therefore while we use the energy deposition of
one particle to select “test” eTe™ — eTe™, the energy deposition of anothes
particle gives us energy deposition of electrons and positrons.

At the second step events with the large energy deposition £ > Epeam/ 2
of both particles are selected. These so called “selected” events are the pure
subset of e¥e~ — eTe™ events. Knowing the energy deposition of electroms
and positrons, the selection efficiency (the probability for electron or positros
to have the energy deposition E > Fpeam/2) can be calculated. If the num
ber of “selected” events in N, and the selection efficiency is £4¢, the tota
number of ete™ — eTe™ events N,. is

PR
Nee = hsei/‘gsei‘

It is crucial that the energy depositions of electron and positron in the
same event are uncorrelated. However a small correlation arises from the
dependence of the energy deposition on the polar angle §. Both partiches
in the event have about the same 8, and the further is 6 from 7 /2, the
thicker is the calorimeter and the larger energy deposition. To minimize thas
correlation the corrected energy deposition E = E/ [1 +a-(n/2- 9)2: =
used where the coefficient « is calculated in such a way that dependence o&f
E on @ is minimal. Two other sources of correlations — the radiation of
initial particles and the nonuniformity of the calorimeter calibration — wese
estimated both from the simulation and from the real data and their effect
was found to be negligible.

The reconstruction efficiency €., was measured with the help of the same
eTe™ — ete™ events. At first, the clean subset of ete™ — ete~ events &
selected using the calorimeter data only. Then, the probability to be prog-
erly reconstructed in DC was measured for these events. Since the selection
criteria for collinear events are based only on DC data, this probability gives
the value of the reconstruction efficiency.
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The main sources of the systematic errors are the following.

1. The precision of the calculation of the radiative corrections is about

1%.

2. The trigger efficiency was not taken into account. The estimated trig-
ger efficiency for ete™ — ete™ events is about 99%, therefore the
corresponding systematic error is about 1%.

3. The precision of the fiducial volume calculation (the accuracy of 8,,in
determination) was estimated from the difference of the integrated lu-
minosity measured for different #,,;,. The corresponding systematic
error is less than 0.5%.

4. The systematic error of ete™ — ete™ event separation is determined
by the background from e*e™ — 77~ events and by the correlation
between energy depositions of two particles in the same event. The
estimated systematic error is about 0.4% for center-of-mass energies
around and above the ¢-meson.

The overall systematic error is estimated to be about 2%.

The separation procedure, described above, is applicable to the data taken
at the center-of-mass energy around and above the ¢-meson. For lower en-
ergies the separation procedure is more complicated and based on the fit of
energy deposition. The details about the luminosity measurement for ener-
gies below the ¢-meson can be found in [33].

6 Radiative corrections

‘The cross sections for all processes of e*e~ annihilation to leptons and

hadrons presented in this work are calculated taking into account radiative
corrections (RC). The accuracy of the RC calculation depends on energy and
changes for the different decay modes of the w and ¢-mesons from 0.2% to
0.5%. For all channels with hadrons in the final state RC were calculated
according to [34] excluding lepton and hadron vacuum polarization.

Our method of the RC calculation for the channels p* g~ and 7hr is
based on two works [34, 35]. In the work [34] the contribution of the RC
to the cross section is integrated over kinematics of all final particles except
for the total energy radiated by initial particles. It provides an accuracy of
about 0.2%. Furthermore, the work [34] is valid only for comparatively small
energy losses (under 10% of the beam energy). The second one is less accurate

17




(about ~ 1%) and assumes only single photon emission but it provides the
correct angular distributions for the final particles. It is important when any
selection criteria are applied to the events.

The RC calculation procedure combines both approaches in the following
way: photons with the energy less than some AFE are simulated according to
[34], while photons with the energy greater than AK are simulated according
to [35]. The quantity AFE is a free auxiliary parameter. The simulation shows
that there is a wide region of AFE values where the total cross section does
not depend on this parameter at the level of about 0.2% - 0.3%.

The possible values of AFE are limited by the following factors:

e AFE should not exceed some upper limit above which [34] is not valid

e it is desirable to have AFE as large as possible to get better accuracy
of the calculation of the RC contribution according to [34], but in this
case the angular distributions of the final particles are slightly incorrect

e it is desirable to have AE as small as possible to properly take into
account the kinematics of the final particles according to [35], but in
this case the accuracy of the calculation of the RC contribution to the
cross section is not sufficient.

Thus the reasonable value of AE is limited for both sides and was chosen
to be 10% of the beam energy.

The cross section of large angle Bhabha scattering was calculated with RC
according to [36] where only one loop corrections, ”soft” and "hard” photon
emission are taken into account. The theoretical accuracy of RC formulae
is not better than 1%. This RC uncertainty gives a systematic error in the
integrated luminosity. Therefore the cross sections for other channels are also
restricted by this accuracy. Work is in progress now toward the improvement
of the accuracy RC calculation up to 0.2%.

7 Beam energy measurement in the ¢-meson
range '

The collider energy was roughly set ( dE/E £ 107 ) by the dipole magnet
currents. Precise determination of the beam energy can be performed with

the resonant depolarization method [37] providing the accuracy dE/E ~ 1077

During all ¢-meson runs in 1994,1996,1998 twenty two calibration measure-
ments were carried out at 11 energy points. Some points were calibrated

18

= i Yindi 43080 7 &
=03k | P1 0.5415E-02 = D.5212E-02
e r P2 =0.3200E-01 + 0.2267E-02
Lot
5 3
0.2 - K= =32 +—2 kev/C,
Ly
s S
‘_\L\-.
. H‘"\q.___‘_“
I }H"*
Y L. -\""‘--. 1
- . 5
-
=1,
e
IS S P AP R [ S 1N Rl (SRS [T (I ._I
] 4 3 -2 -1 L 1

s

Figure 2: The energy diffocetioe i
tween two energy measurements ver-
sus the difference between two cor-
responding temperature measure-
ments. At each energy point the
magnetic field in the bending mag-
nets is fixed

':-'-1':”: I

- | Enlries 13855
G L ! Yieaitiez J 1z
> - 21 1067, + 13.59
k1200 F Py 1054 + 0.6304E-01
P3 45854 0ETS4E—DT |
1000 |-
BOO
G600 |
400 [
r
L
200 - | 1
i T
O -I__rI:I_l-.f.:lr-"'T'-l- 1al, alaa I-‘-!-H"_l-l--...-.-\._n__
0 80 90 100 170 120 130 140
(P1+P2)/2  Pav, MeV

Figure 3: Kaon momentum spec-
trum. The corresponding beam en-
ergy is about 508 MeV



twice: at the beginning and at the end of the run. Analysing these data it
was found that at the fixed magnetic field the collider energy slightly depends
on the average temperature of all bending magnets (Fig.2). As seen from the
fit the energy Fpeam varies with temperature T as dEpeqm = k - dT', where
k = (—0.032 £ 0.002) MeV/°C. The obtained dependence and temperature
monitoring during data taking were used to calculate the average energy for
each point.

Since the procedure of the calibration measurement takes a few hours, the
majority of data were collected without precise energy calibration. Moreover,
it is complicated to make such measurements when the wiggler [38] is on.
Thus, the total integrated luminosity in the ¢-meson range collected with
the resonant depolarization calibration (at each energy point) is about 300
nb~!, whereas the whole integrated luminosity, collected up to 1998 was equal
to 16 pb—!. To obtain the beam energy for the runs without calibration, two
independent methods were suggested.

7.1 Method I

The beam energy can be determined by measuring the average momentum
Day Of the KT K~ pair in the DC volume:

Ebﬂﬂm = \/ p?}.w * m%{ + A {2‘

where A is an additional term, dominated by the contributions of the kaos
ionization losses inside the detector and radiative losses of initial electrons.
It can also contain the contribution of the DC related systematic effects.

The average momentum resolution o, /p for kaons with momenta around
110 MeV /c is about 5% determined mostly by the multiple scattering in DC.
The statistical accuracy of the beam energy is determined as:

-7 T W Ton
Ei}r:am \/N'_JK Pax (3}
where N is the number of found K+ K~ pairs. This accuracy is really high
~ (2 = 10) - 10~% because kaons from the ¢ decay are slow Sk ~ 0.2 and the
number of K+ K~ events at each energy point is about 10® — 10%. Although
the statistical uncertainty of such measurements is small, the accuracy of
this method is probably dominated by systematic errors connected with the
instability of DC parameters and the drift of the magnetic field inside the
chamber volume. It is important to note that since 1994 the permanent
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improvement of the system of magnetic field stabilization [39] allowed us to
achieve the field stability 6H/H ~ 107%.

To determine the average value of p,, at each energy point the kaon mo-
mentum spectrum was fitted by a Gaussian (Fig. 3). The left and right limits
of the fit correspond respectively to 0.5 and 0.2 of the Gaussian amplitude.
Such procedure was used to decrease the influence of the spectrum distortion
due to the radiative photon emission.
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Figure 4: Calibration curves.
The lower curve corresponds to
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Figure 5: The evolution of calibra-
tion coefficients. The coefficient
Ey is transformed to the frequency
f=16.7644 MHz

The momentum dependence A(p,,) was first obtained by GEANT simu-
lation of charged kaons in the detector [40] and approximated by a smooth
function. Then the ¢-meson runs with resonance depolarization were used to
correct this function. Finally, the two calibration curves A(pqy) correspond-
ing to 1994 and 1996,1998 were obtained (Fig. 4). The difference between
two calibrations is about 90 keV, whereas each curve is determined with the
uncertainty ~ 20 keV.

7.2 Method 11

In another way the beam energy defined by the field value in the bending
magnets and the revolution frequency of the collider. As mentioned above,
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the collider energy also depends on the temperature of the magnetic system.
S0, to calculate the beam energy in the narrow energy range of the ¢-meson
resonance the following equation can be used:

oE oE %
Brcan(B.T.f) = [Bo + S2(8 - Bo) + S0~ 1)) 1~ L0

L (4

where B is the magnetic field in the bending magnets, f is the revolution
frequency, fo = 16.7667 MHz is the revolution frequency of the design orbit,
a is the momentum compact factor (from theory a ~ 0.167) [41] , T is
the average temperature of all bending magnets. The magnetic field was
controlled by NMR monitors that provided the field stability ~ 107>.

The calibration coefficients Eu,.%%, %;—‘ were obtained using the available
resonance depolarization data. As the machine geometry probably changes
during a long period of time, the calibration points were divided in four
groups by seasons. For each group these coefficients were calculated. The
results are shown in Fig. 5. It can be seen that the E, drifts from year to
year. Other coefficients seem to be stable. The 1998 measurements were made
with varying the revolution frequency so these data were used to calculate the
momentum compact factor a. The obtained result o = 0.162 + 0.006 £ 0.010
is in good agreement with the theory calculation (see above).

It is noteworthy that the collider energy is also affected by the operating
wiggler. According to theory, it shifts the beam energy :

Ebeam =y Egmm ' []- el - ks (

where Ep, . is the beam energy when the wiggler is off, B,, is the magnetic
field inside the wiggler, o = 0.04587 MeV?/kGs?. In the ¢ - meson energy
range this shift is about 0.5 MeV.

7.3  Results

Two described methods were applied to determine the energy for three scans
of the ¢-meson in 1996. During this scans there was no calibrations with
resonance depolarization. Such consideration allows us to investigate the
combined systematic errors of both methods.

These methods gave different results. The average energy difference for
the scan 2, 3, 4 is about 50, 100, 120 keV respectively. This difference is
really significant for scans 3 and 4. As we don’t have any strong argument
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Figure 6: (a) — E/B vs B, approximated by the polynomial of third order,
(b) — Beam energy deviations from (a); E — VEPP-2M beam energy, B —
VEPP-2M bending magnets field

to prefer one of the methods, the beam energy was calculated as the average
energy obtained by these two methods: The systematic error was estimated
as a half of the average difference between Er and Ejy for each scan, and it
is 25, 50, 60 keV for scans 2, 3, 4 respectively.

8 Beam energy determination from the mo-
mentum of collinear events

The tracking system of the CMD-2 allows an independent beam energy mea-
surement based on the momenta of the collinear tracks. This technique can
be used anywhere in the energy range of VEPP-2M since it uses processes
ete s ete™, ete” = utp~ and ete™ 5 7hn™.

One can estimate beam energy fluctuations using the depolarization data
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and the following ideas:

e points with several depolarization measurements at the same magnetic
field but different average temperature give direct evaluation of energy-
temperature dependence;

e points at different magnetic field should be on the smooth curve. The
deviation from this curve can be used as if all points are at the same
magnetic field value much like in a previous case.

Fig. 6 illustrates the second case with the VEPP-2M depolarization data
of PHI-94 and RHOM-95 runs.

8.1 Energy determination with the CMD-2 tracking sys-
tem

8.1.1 Event selection

Event collinearity is defined by the DC information only. The event is con-
sidered to be collinear if the following conditions are met:

e There are exactly two tracks from the same vertex;
e Tracks belong to the particles with the opposite charges;
e Each track has at least 10 hits in the r-p plane;

e Track impact parameter relative to the beam axis does not exceed 0.1
c¢m for each track;

e Absolute Z-coordinate of the vertex is less than 5 cm;
e Polar angle of the first track in the event is inside the 1+ (7 —1) interval;
e Acollinearity of two tracks in the r-@ plane is less than 0.02;

e The difference of two track polar angles is inside = £ .1.

The energy deposition in the barrel calorimeter was used as the only
parameter to distinguish between ete~ — e*e™ and other collinear events.
For ete~ — etethe following conditions should be met:

e IﬂiIL(ch) > 0.65Epcam

e max(E.) < 1.2Epcam
24

Events were selected as ete™ = ptu~ orete™ — nto™ if:

2
e Z Ecﬂ(rj) < Fpeam

=l

e min(&,) > 50 MeV

The last cut rejects events with one of the tracks pointing to the dead region
of the calorimeter.

8.1.2 Energy determination from the momentum of the charged
particles

During the reconstruction process all collinear tracks are fitted with the single
arc. The momentum corresponding to the curvature of this arc ( p) has the
accuracy 1.5~2 times better than an average momentum of two tracks (Fig. 7).

p distribution has non-Gaussian tails mostly due to radiative photons. To
get the reasonable average value of the p two approaches have been used:

1. The distribution is fitted inside the limited range around the maximum,
where it is quite close to the standard Gaussian. In that case tails have
practically no influence on the average value but interval boundaries
are quite arbitrary and may shift the average if changed. We use the
following limits:

‘w‘ﬁz + m2 — Epeam| < 10MeV for eTe™ — ete™ and
‘«.ffﬁ? +m2 — Epeam| < 10MeV foreTe™ a7, eTe” = utpu™.

2. The distribution is fitted with the asymmetrical function. For this
purpose we use Gram-Charlier approximation series [42], described by:

I

£(2) %e*% 1+ "E‘ (2° - 32) + -’2% (2% — 627 +3)} (5)
¥is
' T — Ty
Z o= :
T

where A, xg, 0, 71, ¥2 are parameters of the fit. Note, that for 1 =
vz = 0 this distribution becomes standard Gaussian and [ f(z)dz =
A for all v,7v. Comparing with the first approach we have more fit
parameters, but now the result is independent of the interval bound-

|
aries and so they were significantly extended: lw’ P2 4+ m2 ~ Epeam| <
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20MeV for ete” — ete” and |7 +m3 ~ Ejeam| < 20MeV for
ete” =+ ata—,ete” = putu .

The accuracy of the average beam energy at each point og depends on the
number of collinear events and on the accuracy of the momentum measure-
ment for a single event.

The suggested technique is intended not for the absolute determination of
the beam energy but for the check of the beam energy stability. So we have to
control not the value of AE = /P2 4+ m? — Ejpearm itself but its dependence
on the beam energy. It means that we can combine the results for both
classes of event with the average value of AFE set to an arbitrary constant,
e.g. AE = 0. In the range of the w-meson cross sections for ete™ — eTe”
and processes ete™ — w7~ have the same order of magnitude and their
integration can significantly improve the accuracy.

Both approaches give approximately the same result, demonstrated in
Fig. 8.

9 Measurement of the pion form factor

Pion form factor measurement is important for a number of physics prob-
lems. Detailed experimental data in the timelike region allows to measure
the parameters of the p(770) meson and its radial excitations. Extrapolation
of the energy dependence of the pion form factor to the point s = 0 gives the
value of the pion electromagnetic radius. Exact data on the pion form factor
is necessary for the precise determination of the ratio

R = o(ete™ = hadrons)/o(eTe™ = pFu™),

which in the VEPP-2M energy range is dominated by the ete™ — ntn~
cross-section. Knowledge of R with high accuracy is required to evaluate
the hadronic contribution to the {(g-2) of the muon and to the running elec-
tromagnetic constant a(Mz?). In the case of the (g-2) of the muon, the
energy range of VEPP-2M gives the major contribution both to the hadronic
contribution itself and to its uncertainty.

The most precise measurement of the pion form factor at VEPP-2M was
done in the late 70s — early 80s by OLYA and CMD groups [43]. In the CMD
experiment, 24 points from 360 to 820 MeV were studied with a systematic
uncertainty of about 2%. In the OLYA experiment, the energy range from
640 to 1400 MeV was scanned with a small energy step and a systematic
uncertainty varied from 4% at the p-meson peak up to 15% at 1400 MeV.
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Figure 8: Beam energy stability. From up to down: AE for the ete™ —
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The large statistics of about 2 million of ete™ — 77~ events was col-
lected by the CMD-2 detector in the whole VEPP-2M energy range. CMD-2
has a lot of advantages which should allow to achieve much smaller system-
atic error than before. The trigger system has almost 100% efficiency for all
collinear events. The tracking system and the electromagnetic calorimeter
give good event separation. The Z-chamber allows to measure precisely the
fiducial volume.

The analysis scheme is the following. For each energy point, events with
two collinear tracks are selected by the following selection criteria:

1. distance from the vertex to the beam axis r,..: < 0.3 cm,
2. z coordinate of the vertex |zyent| < 8 cm,

3. average momentum of two particles p,, should be within the range
expected for each particular energy point

4. acollinearity of two particles |A¢| = | — |¢1 — @2/} < 0.15 rad and
|A8] = |6; — (m —62)| < 0.25 rad,

5. average polar angle of two particles 8pnin < 04y < (T = 81nin), Where
B kol =10,
The selected sample of events consists of the ete™ — ete™, ete™ = 71—,
ete” — ptp~ events and the cosmic background events. Then the events
are separated and the number of electron N,., muon N,,, and pion N, pairs
is calculated. The pion form factor is calculated as:
Nyx i Tee

|Fﬂ]2 o

Neo g

where o, is the “visible” (including all necessary corrections) ete- — ete
cross-section and o.. is the “visible” e*e- — 77~ cross-section with
Tt e 8

The collected ete™ — nt7~ data is combined into several groups by the
energy range and the data taking period.

The RHOM-95 data sample was collected during 1994-1995 runs at 43
energy points with the center-of-mass energies from 0.61 till 0.96 GeV with
a 0.01 GeV energy step. In the narrow energy region near the w-meson the
energy steps were 0.002+0.006 GeV in order to study the w-meson parameters
and the p — w interference. The beam energy was measured with the help
of the resonance depolarization technique at almost all energy points. The
RHOM-98 data was collected during 1998 run at 37 energy points with the
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center-of-mass energies from 0.36 up to 0.97 GeV. As a rule, the larger energy
step was used but at the same time much higher statistics was taken than in
RHOM-95. The LOW-96 data was collected in 1996 at 10 energy points
with the center-of-mass energies from 0.36 up to 0.52 GeV. The HIGH-97
data was collected in 1997 run at 37 energy points with the center-of-mass
energies from 0.98 up to 1.38 GeV.

The data analysis is the same for RHOM-95 and RHOM-98 data with
29E > 0.6 GeV. The energy deposition of both particles in the same event
is used for the event separation. The number of efe™ — pu"u™ events is
calculated from the number of ee~ — ete™ events according to the QED.
Since the number of muon pairs is much smaller than the number of electron
and pion pairs, the systematic error of the calculation does not give a signif-
icant contribution to the systematic error of the pion form factor value. The
energy deposition for collinear events together with the fit is demonstrated
in Fig. 9. The measurement of the beam energy with the help of the reso-
nance depolarization technique for RHOM-95 data allowed to significantly
decrease the systematic error coming from the energy uncertainty. But for
RHOM-98 data the corresponding systematic error in the pion form factor
value is larger since the precise measurement of the beam energy was not
performed. Therefore we prefer to present two independent results for these
two data groups.
 The event separation in the energy range 2Epeam < 0.6 GeV is based on
the momenta of both particles in the same event. The momentum distri-
bution for the collinear events is demonstrated in Fig. 10. There are clear
signals of electron, muon and pion pairs (from right to left). For some energy
points it is possible to apply both methods of event separation performing
the cross-check of the procedures.

The event separation in the energy range above the ¢-meson is based
on the energy deposition of both particles in the same event. But since
for this energy range the number of pion pairs is less than the number of
muon pairs, the systematic error of the calenlation of the number of muon
pairs from the number of electron pairs gives the significant contribution to
the systematic error of the pion form factor value. As a result, the direct
pion/muon separation is required.

The analysis of the RHOM-95 data is completed while other data is still
under analysis. The pion form factor, obtained in RHOM-95 data analysis,
is presented in Fig. 11. The systematic error for these data is about 1.4%,
coming mainly from the uncertainty of the theoretical calculations for the
radiative corrections. The new calculation of the radiative corrections is in
process with the goal to reach the uncertainty below 0.3%. A fit of the pion
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Figure 9: Energy deposition for the collinear events at 2Epeam = 0.8 GeV
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Figure 11: Pion form factor, obtained in RHOM-95 data analysis. The fit
is performed according to the Gounaris-Sakurai parametrization with w and
p(1450) contributions included

form factor based on the Gounaris-Sakurai parametrization with the w and
p(1450) contribution was performed. The following values of the p-meson
parameters were obtained, where the first error is statistical and the second
is systematic:

M, (MeV) = 775.28 = 0.61 £+ 0.20
T, (MeV) = 147.70 £ 1.29 + 0.40

< I'(p—+ete)(keV) =693+£0.11£0.10
Br{w = ntx™) = (1.31+£0.23+0.02)%

\

The statistical error for the RHOM-95 data is about the same as for other
available ete~ [43] and 7 decays [44] data, but the systematic error is much
smaller. This will allow to significantly reduce the error of the hadronic con-
tribution to the (g-2) of the muon coming from the corresponding energy
range, which is completely determined by the systematic errors of the previ-
ous experiments. Details about the RHOM-95 data analysis can be found
in [33].

The analysis of the 10 times larger statistics of the remaining data will
help to reduce both statistical and systematic experimental errors.

10 New measurement of the w-meson param-
eters

During RHOM-95 runs the w-meson has been scanned at 13 energy points
with a total integrated luminosity of 150 nb™!. The beam energy at each
point has been measured by the resonant depolarization technique and is
known to an accuracy better than 1074 [45].

All data were collected using two independent triggers — the Charged
Trigger [29] and the Neutral Trigger [46]. That allowed to estimate systematic
errors of the results originating from the uncertainty of the trigger efficiency.

In the w-meson energy range any event with two non-collinear tracks is
a candidate for an w — n#t7~#° decay. Therefore all events with two tracks
originating from the same vertex, each having a polar angle 0.85 < g <
7 — 0.85, being within the fiducial volume of the detector, were selected for
further analysis.
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Since only the DC information has been used for the selection of 3 events,

most of the background comes from the processes with a hard photon emis-

sion;:

- +

ete” 2 ete v, mt Ty, ut u"y

These processes have the same signature as 77~ 7%, except that they have
a very different acollinearity angle (A¢ = 7 — |¢1 — y2]|) distribution peaked
near A¢ = 0. Thus, the rejection of events with a small A¢ drastically
reduces the background, but also decreases the number of 37 events. A value
of A¢g = 0.25 was used as a reasonable trade out (see Fig. 12).

Additional background suppression can be achieved using the "missing
mass” parameter, assuming all charged particles to be pions and taking into
account momentum and energy conservation. For real #T7~ 7% events the
distribution over the missing mass squared has a peak in the region of M2,
contrary to the background processes which have a peak around zero for
ete”™ — wta~y,utu™ v or peak in the negative region for ete~ — ete .
Figure 13 shows the squared missing mass of two charged particles versus
maximum energy deposition in the calorimeter produced by these two par-
ticles. The lines show the cut applied for the separation of # ™7~ %" events
from the background. The effect of this cut is illustrated in Fig. 14.
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i 5, rd N L W
| M va 44 { ! Missing mass ve E_, max ke

Figure 12: The squared missing mass Figure 13: The squared missing mass
vs acollinearity angle vs Csl energy

The resulting number of 7+ 7~ 7% events was obtained by fitting the his-
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tograms similar to the one shown in Fig. 14 with the sum of Gaussian func-
tions describing 37 and background events.
The cross section at each energy point was calculated as follows:

3 L'E‘{l'{‘arad)T

where N is the number of 37 events, L is the luminosity, ¢ is the total detection
efficiency for efe™ — at7~ 7% events and 4,.4 is the radiative correction.

The integrated luminosity was determined from the number of the Bhabha
events, selected by the presence of two collinear tracks in the DC [47] and
high energy deposition in the Csl barrel calorimeter [48] with the statistical
error at each energy point at the level of 1-2%.

Radiative corrections were calculated according to [34] with an accuracy
better than 1%.

The geometric efficiency was taken from MC simulation while trigger and
reconstruction efficiencies were determined with the help of special "test”
events, known to be 7t 7~ ¥ events with a sufficient level of reliability. Such
events were obtained as a result of the constraint fits based on the information
from the ZC [47] and CslI calorimeter only.

o
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The combined trigger and reconstruction efficiency was found to be ap-
proximately the same within the errors for all energy points with a mean
value of 0.91 £+ 0.01.

10.1 Fit to data and w-meson parameters

Experimental data were fitted with a resonant curve corresponding to
the interference of two relativistic Breit-Wigner cross sections with energy-
dependent widths for the w and ¢-mesons [51].

The relative phase of w — ¢ mixing a was taken to be 155° according to
[49].
The leptonic width can be calculated with the help of the formula:

ag ({.u' S ata” Tfﬂ] ﬂrff
Br(w — wta—n0) 12

Fm——}ef’E_ e rw

Here Br{w — wtn~7%) = 0.888 + 0.007 was taken from [7] and all other
parameters were defined from the fit.

Currently the main systematic error in the w leptonic width comes from
the uncertainty in the luminosity determination and is about 3%.

Another possible source of a significant systematic error is the efficiency
determination which depends on the ”purity” of the test event sample. This
error should not exceed 2 — 3%, presumably being much lower and is subject
of further investigations.

Several other error sources are the accuracy of the radiative corrections,
detector fiducial volume determination, pion decays in flight and nuclear
interaction processes inside the tracking system. All of them are of the order
of 0.5% or less and at present do not contribute significantly to the total
systematic error of the w leptonic width. '

The systematic error of the total w width originates mainly from the
background uncertainty and is estimated to be at the level of the statistical
error, i.e. ~ 2.5%. It could be reduced by better background suppression
with the help of the barrel calorimeter.

Experimental points together with the fitted excitation curve are shown
in Fig. 15. The following w-meson parameters were obtained from the fit:

P e B EDOT - 009 eV
Dier i 883 £ 018 +° 020} MeV
m, = (78265 =+ 009 + 0.10) MeV

This should be compared to the current PDG values [7]:
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Figure 16: w-meson mass compared Figure 17: w-meson width compared
with previous experiments. Left bar with previous experiments. Left bar
shows the current PDG value, right shows the current PDG value, right
bar - the world average before CMD- bar - the world average before CMD-
87. Experiments below the dashed 87. Experiments below the dashed
line are excluded by PDG group from line are excluded by PDG group from
the average value calculation the average value calculation

The PDG value of the w mass is lower by approximately 6 standard de-
viations but is based practically on the single experiment [50], which is in
significant contradiction with the average value of all other experiments [7],
the latter being very close to our value.

10.2 Estimation of the possible error of the w-meson
mass

Temperature drift.

Depolarization data in the w-meson range do not show any clear dependence
of the beam energy on the VEPP-2M average temperature, but as a reason-
able upper limit one can use the dependence in the ¢-meson range. Given
the temperature fluctuation about 1°C (r.m.s.) the following estimation can
be made: |

p.
gr ~1°C = o < 30 keV = oy, < e ~ 15 keV,

Jn
¥




where n = 13 is the number of energy points.

Long-time stability of the beam energy. Based on the deviation
of the depolarization data from the Ejeqm/B dependence curve (Fig. 6) we
estimate the long-time stability of the VEPP-2M beam energy being of the
order of 50 keV. Thus:

op ~ 50 keV = oy, < E@-N%ke\f

N,

Momentum measurement for collinear events. Finally, direct mea-
surements of the collinear events momenta suggest that VEPP-2M beam
energy instability cannot exceed 150 keV. From this:

- 20
op ~ 150 keV = oy, < 7_5 ~ 75 keV

T

Figures 16 and 17 demonstrate results of all experiments quoted by [7] on
the w-meson mass and width respectively.

11 Measurements of ¢-meson parameters in
K?K? channel

The process ete~ — ¢ — K9KQ with subsequent decay K§ — n¥n~ was
used to measure the ¢-meson parameters. The data sample hds been analysed
corresponding to the integrated luminosity of 2.37 pb~! collected during the
PHI-94/1, PHI-94/2 and PHI-96 runs in the c.m. energy range 934 -
1040 MeV (3.4x10° ¢-mesons).

Events were selected according to the fullc}wmg conditions:

¢ Two opposite charge tracks, coming from the vertex closest to the beam.

e Both tracks had polar angles 0.95 < 6 < 7 —0.95, the distance between
the beam and the vertex in the R —  plane: 7.y < 1.5 cm.

e The invariant mass for two tracks in the vertex was 450 < Mjn, < 550
MeV, (see Fig. 18a) and the missing momentum value satisfied the

conditions 60 < Pnis < \/Elge&m mi‘,ﬂ + 40 MeV /¢, where mgo =

497 672 MeV is the neutral kaon mass.

e Track momenta were 140 < p; o2 < 300 MeV /c, and the average momen-
tum value was 180 < (p1 + p2)/2 < 250 MeV /c as shown in Fig. 18b.
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Figure 18: Distributions used in the selection of e"e™ — ¢ — K} K? events
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At each energy the cross section of the decay was calculated according to

the formula: 2
N

e-L- (]. + (5r'gd.} : (1 + ﬁims)j

=

where N is the number of events, L is the integrated luminosity, 0,44 is the
radiative correction [34], d;,ss is a correction for decays in flight and nuclear
interactions, & is a product of the reconstruction efficiency, trigger efficiency
and geometrical efficiency (acceptance): &€ = €rec * Egeom

To obtain the number of events, cosmic ray events were removed by sub-
traction of smooth background in the z-vertex distribution as demonstrated
in Fig. 18c. The K2 meson decay length after all selections and background
subtraction is shown in Fig. 18d.

The background from the ¢ - K™K~ and from the ¢ — 3m decays was
estimated from Monte-Carlo simulation to be less than 0.04%. |

With the above cuts 2.97 x 10° of K K% events have been selected.

About 50% of K9 produce a cluster in the Csl calorimeter because of the
nuclear interaction and with two clusters from pions from the K§ decay one
can reconstruct the ¢ — K9 K9 event without DC information. These “test”
events were used to determine the reconstruction efficiency. To reduce the
background from ¢ — 37 decays, ZC hits and at least one track in DC were
required.

Two independent triggers of CMD-2 (charged and neutral) can be used
to study the trigger inefficiency. Absence of a charged trigger signal for the
“test” events without a requirement of a reconstructed track in DC provides
the charged trigger inefficiency. The detailed description of the efliciency
determination procedures can be found in [52]. The acceptance as well as the
correction for decays in flight were calculated with the help of MC simulation.

The typical values of the efficiencies as well as of the correction for decays
in flight and nuclear interactions are presented in Table 2 at the energy
corresponding to the ¢-meson peak.

For 1994 data the beam energy at each point was measured by the res-
onance depolarization method. For data collected in 1996 the beam energy
was determined with the help of charged kaon momenta and by the collider
magnetic field analysis.

The obtained cross sections for the process ete™ — K} K§ are presented
in Figs. 19a,b. The experimental points are fitted by function [8] which in-
cludes the contributions of ¢, w and p as well as higher resonances (p(1450),
$(1680)) with the parameters from [7] and the nonresonant background. Rel-
ative phases between p and p(1450) as well as between ¢ and ¢(1680) were

40

Table 2: Average values of the efficiencies and corrections for ¢ - K9 K2

Efficiency Value, %

Stat. error, %

Syst. error, %

Eiee 90.30 1.51 0.80
Egeom 32.16 0.53 0.90
1481005 95.53 0.17 0.10
146,04 77.67 0.26 0.10
taken from [53].
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Figure 19: ¢-meson excitation curves in the channel ¢ — K7 K2

The following ¢-meson parameters have been obtained from the fit:

PHI-94/1, PHI-94/2 PHI-96
op, nb 1306 £ 27 £33 13124+ 7+ 33
mg, MeV | 1019.47 £ 0.06 = 0.02 1019.471 £ 0.013 £ 0.038
I'p, MeV | fixed at the value from [7] | 4.51 & 0.04 & 0.02
Thack, Db | fixed at zero 0.02 £ 0.05
X% /d.o.f | 9.09/7 50.36/32




Systematic errors in the mass and width of the ¢-meson for PHI-96 data
come from the beam energy determination. For the data where the beam
energy was determined by the resonant depolarization method the systematic
error in the mass value corresponds to the precision of this technique. The
main contribution to the systematic error in gg comes from the luminosity
uncertainty (~ 2%) . Other factors contribute about 1.5% :

background subtraction - 0.3%
reconstruction efficiency - 0.8%
trigger efficiency - 0.8%
radiative corrections -0.1%
correction for decays in flight and nuclear interaction - 0.1%
solid angle uncertainty - 0.9%

Thus, the total systematic error in the o value was estimated to be 2.5% .
Since the experiments in 1994 and in 1996 are independent, the corre-
sponding ¢-meson parameters can be averaged:
oo = (1313 £ 7 £ 33) nb,
mg = (1019.470 £ 0.013 + 0.018) MeV,
Ty = (4.51 + 0.04 £ 0.02) MeV.
The obtained o¢ and I'; values can be used to calculate I'¢, according to

the formula
ap - r¢

T 127A?Br(p - K2K2)’

where X is the Compton wavelength of ¢ and Br(¢ — K} K2) is the branching
ratio taken from [7].

The value 'y, = (1.23 4+ 0.01 £ 0.06) keV has been obtained, where the
first error is statistical one while the second one is systematic and includes
the branching ratio uncertainty.

Using I, from [7] with the above formula, the following value has been
obtained Br(¢ — K} K?2) = 0.317 £ 0.002 % 0.020.

Values of I'.. and Br(¢ — K? K%) as well as mass and width of ¢ obtained
in our experiment are in good agreement with the world average from [7].

Ptfﬁ

12 Study of ¢ = n7n~ and ¢ — pu"pu~ decays

The ¢ signal can be seen as an interference pattern in the ete™ — atn~
and e*e™ — putpu~ cross sections. The event candidates were selected by the
requirement of two collinear charged tracks in the DC with the sum of the
energy depositions in two Csl clusters associated with them to be less than
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450 MeV to remove Bhabha events. The data with the integrated luminosity
1.8 pb~?! collected in 1996 were analysed.

Both tracks were required to have a polar angle between 1.05 and 2.1 ra-
dians to fit into the muon range system acceptance. The correlation between
the energy deposition in the CsI calorimeter and the probability to reach the
muon system were used to determine the muon system efficiency which was
measured to be (96.2 + 0.3)%. The requirement that both particles hit the
inner muon system selected muons with about 10% pion admixture.
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Figure 20: Calorimeter response for events with one or no hits in the muon
system (a) and for events with two hits (b)

The remaining events were mostly pions with a small admixture of muons
due to the muon system inefficiency. Muons with a 500 MeV /e momentum
leave about 90 MeV energy deposition in the Csl calorimeter and their prob-
ability to reach the inner muon system is close to 100% while for pions the
probability to interact and stop in Csl is about 35%. The calorimeter response
for collinear events with and without hits in the muon system is presented in
Fig. 20a,b.

The probability for pions to stop in Csl vs polar angle was studied for pos-
itive and negative particles and the obtained numbers were used to subtract
pions from the muon sample and muons from the pion sample.

The visible cross sections vs energy for pions and muons are presented
in Fig. 21. The signal from the ¢ is clearly seen as well as different energy
dependence of the pion and muon pair production caused by the pion form-
factor.

To get the ¢ — ntn~ and ¢ — ptp~ branching ratios, the obtained
cross sections were fitted by the functions og(s) = const/s for muons and
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Figure 21: a. Visible cross section for ete™ — putpu™ The curve err{—*antb
the fit with the ¢ signal. b. Visible cross section for ete™ — nra~. The
curve represents the fit with the ¢ signal. ¢. Ratio of number ﬂf pions to
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oo(8) = const - |Fx(5)|?/s for pions multiplied by the additional term describ-
ing vacuum polarization by the ¢ resonance [34]:

o(s) = ag(s)/|1 - H —0.02|%, where

Q- By By - By
a? - B, mg - Ay

for muons,

l |

36 oo - Taw 299 for pions
B3| Fal2 mg- Ay s

Ay =85—my—il4s/s.

Here s = 4E§cmn’ I'y and my are ¢-meson parameters, By, B,,, Be. are
@ branching ratios. The value 0.02 in the expression for (s) represents the
contribution from other resonances.

It should be mentioned here, that the beam energy spread which was
about 180 keV smears the interference pattern and only 87% of the signal is
seen. The obtained visible cross section og(mg) for muons is in agreement
with the expectation within 4%.

The following results corrected for the beam energy spread have been aob-
tained:

VBr(¢ — ptp~)-Br(¢ - ete™) = (2.89 £ 0.15 £ 0.24) x 107*,
/Br(¢ = mtn—) - Br(¢ — ete) = (2.33+£0.16 £ 0.10) x 107,
Br(¢ — ptp~) = (2.80 £ 0.30 £ 0.46) x 10*,
Br(¢ = nta~) = (1.81 £0.25 £ 0.19) x 10~4.

For the last two branchings above the value of Br(¢ -+ ete™) = (2.99 +
0.08) x 10~* was taken from the PDG tables[7]. Systematic errors (given by
second error) as we expect, come from the uncertainties in the determination
of the beam energy, from the luminosity measurement and from the muon-
pion separation at each point. About 2% uncertainty was added to the cross
section value representing these factors.

To extract the amplitude of the direct ¢ decay into two pions, the ratio
of the number of pions to that of muons was calculated. In this ratio the
influence of the ¢ upon the photon propagator cancels and the interference
signal of the direct amplitude can be seen. The systematic uncertainties in
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this ratio partly cancel, but to be conservative, the same 2% uncertainty was
added to the ratio at each energy point.

This ratio is shown in Fig. 21c. No signal is seen and an upper limit has
been placed:
Br(¢ = nt 7 Vaireet < 0.15 x 1074 at 90% C.L.

13 ¢ — wTnw "+ channel

The event candidates were selected by a requirement of two charged tracks
in DC and one or two photons with the energy greater than 20 MeV in the
Csl calorimeter. The data with the integrated luminosity 2.1 pb™! collected
in 1993 and 1996 were used for this analysis. Charged particles were re-
quired to have the polar angle between 1.05 and 2.1 radians and from 0.85 to
2.25 for photons to suppress bremsstrahlung processes which gave the main
contribution to the observed events.

The main background for the studied process came from the ¢ — ata—nl
decay mode when one of the photons from the 7¥ decay escaped detection.
To reduce this background a constrained fit with the requirement of energy
and momentum conservation was used. As a result, after ¥ cut the 37 back-
ground became negligible for the gamma energy range 20 MeV< E, <160
MeV, where the maximum signal from f, was expected. For higher photon
energies the background spectra at higher x? were used for subtraction. The
muon range system was used to separate utp~y contamination as described
in the previous section. .

Under these conditions 7309 events of #7 7~ and 7590 of g™ u~y events
were selected. The detection efficiency was found by simulation to be 17%.
The experimental cross sections vs center-of-mass energies for events with
photons in the 20-120 MeV energy range are presented in Figs. 22a,b.

The observed events are dominated by bremsstrahlung processes and the
signal from ¢ — 7+ 7~ decay was searched for as an interference pattern in
the energy dependence cross section for the process ete™ — ntn~ v (Fig. 22)
as well as in the photon spectra of the selected events (Fig. 23) at the ¢ peak.

As it was calculated in [55], in about 2/3 of observed events with above se-
lections the detected photon was emitted by initial electrons (1/2 for muons)
and do not contribute to the interference pattern.

A simple "model independent” function with a sum of the power function
o (8) = const/s® representing ee~ — w7~y process and Breit-Wigner
amplitude from ¢:
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was used for cross section fitting. The observed cross section both for pions
and muons is in good agreement with the calculations [53]: o®*?(s)/c*"(s) =
1.04 + 0.03 & 0.05. The branching ratio was calculated as Br(¢ — nny) =
o(¢ = 7my)/og’® and gave:

Br(¢ — ntn~y) = (0.38 £ 0.16) x 1074,
Br(¢ — pTp~y) = (1.3 £0.6) x 107°,
¥ = (0.50 £ 0.23) radian.

The result for u* ™y is in agreement with the calculations [55]): Br(¢ —
pt ) = 1.15x107°, The result above can be interpreted as ¢ — foy decay
with the ”visible” branching ratio Br(¢ — foy) = (0.57+0.24) x 10~°. This
value is close to that predicted for the two quark structure of fy in {55]. The
four quark model of fy structure suggested by [55] is also in good agreement
with observed data as seen in Fig. 23. The fit gives:

Br(¢ = foy) = (2.0£0.9) x 101

with the relative phase to bremsstrahlung background (0.7+0.3) radian. The
simple explanation of huge " visible” difference in the branching ratio for two
models comes from the fact that the relative phase corresponds to strong
destructive interference and reduces a visible signal from the ¢ decay in case
of the four quark model as was demonstrated in [11]. The above is valid not
only for the four quark model but in case if fy has a long tail in the mass
(recoil photon) spectrum.

The 7t 7™~ events with photons in the 100-300 MeV range after 37 back-
ground subtraction were used to search for the C violating process ¢ — p.
The cross section is shown in Fig. 24.

A new upper limit was obtained: Br(¢ — py) < 3 x 10™* at 90% CL.

The #* 7~ events with photons in the narrow range + 5 MeV around
362 MeV according to the photon resolution after the constrained fit were
used to search for CP, P violating decay of n into two charged pions and the
new limit is:

Br(n = wt71~) < 3 x 10~* at 90% CL.
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14 Study of ¢ = ny = 7'=x'=0y

This pure neutral channel with 7 photons in final state has relatively small
background. The analysis was performed for PHI-96 and PHI-98 data. At
the first stage all neutral events (no tracks in DC) were selected with the
number of photons from 3 to 10, total energy deposition Eipt > 1.5 - Epeam
and at least 3 photons detected in the CsI calorimeter. The obtained events
were used for the background study. The noisy spots in the calorimeter were
masked and were not used for the next analysis. In addition the minimum
polar angle for photon detection was increased from 0.3 to 0.57 radians and
detection threshold increased from 20 to 25 MeV. Two last conditions have
decreased beam background by a factor of two. Masking and solid angle
reduction still left 90% of the geometric efficiency.

The constrained fit with the requirement of energy and momentum con-
servation was applied to events with the number of photons from 3 to 10 left
after "masking”. The y? cut gives additional background reduction mostly
influencing K2 K events decaying into neutrals.

At the next stage events with seven photons only were selected for the
constrained energy-momentum conservation fit with the following additional
conditions: all possible pair combinations were formed in search for two 72’8
with five softest photons. The combinations with the best x* was chosen.

As a result, three photons not combined into 7°’s are left. The invariant
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mass of 2 softest of these 3 photons gives 7 mass except for some fraction
of combinatorial errors and if the photon with the smallest energy is a back-
ground photon. The events with these background photons were effectively
removed by increasing the minimum photon energy in the BGO calorimeter
for the third #° from 25 to 40 MeV.

The reconstructed energy for the most energetic photon normalized to
the beam energy is shown in Fig. 25a. The peak at 0.71 corresponds to 362
MeV photon from the ¢ — 17y decay. The 10% background under the peak
comes mostly from remaining K%K events. As demonstrated at the scatter
plot E¢ot v8 Eqmaz/ Ebeam shown in Fig. 25b the difference in the total energy
deposition helps to subtract these events,

About 30% of found signal events initially had more than 7 photons. And
it is possible, that after " masking” procedure some events still have more than
7 photons. In this case not to lose signal events, 7 most energetic photons
from 8,9,10 photon events with E;,; > 1.5 Epeqm were selected for the above
constrained fit procedure. The distribution of Eymaz/Epeam for this type of
events is shown in Fig. 25c. The peak at 0.71 with additional 10% of signal
events is seen while simulation gives only 2.7% caused by split photons. The
difference was added to the signal event sample.

Comparison of the y? distributions for data and simulated events is shown
in Fig. 25d.

The detection efficiency was obtained by simulation and was found to be
(10.8 £0.1)%. After background subtraction and correction for "lost” events
8826+101 signal events were selected. The excitation curve for ¢ = ny —
37 is shown in Fig. 26a. The following branching ratio has been obtained:

Br(¢ = ny) = (1.24 + 0.02 £+ 0.06)%.

The second error represents a systematic uncertainty which includes: 0.04
from the electron width taken from PDG [7]; 0.025 from the luminosity de-
termination; 0.03 from the uncertainty in the background subtraction; 0.02
was added as simulated efficiency uncertainty and 0.01 from the uncertainty
in the branching ratio of n — 3z [7].

15 ¢ — 7’7’y channel
The decay ¢ — foy with fo = 7%7” has no bremsstrahlung background and
can help to determine the fp structure. The observation of this decay was

earlier reported by SND [22].
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Events with 5 photons detected both in the Csl and BGO calorimeter with
no charged particles were selected. The masking procedure was performed
as described above for 7 photon events.

The constrained fit with the requirement of momentum and energy con-
servation removes the main background from K% — 797 decays when K7
produces the fifth cluster in the calorimeter. To select 707"~ events the con-
strained fit finding two best combinations of photon pairs with 7¥ masses was
performed. The x? distribution after constrained fit is shown in Fig. 27a. All
additional cuts for reduction of background from low energy photons in recon-
structed 7 were applied according to the procedure described for 7 photon
events. An additional selection cut |(Pl, — P%)/(PL + P%,)| < 0.8, where
Pfr[,, P2, are pion momenta, was applied removing incorrect combinations for
events with a low energy free photon.

The main background to events of interest comes from the processes
ete— — wr® with w — 7 decay and from ¢ — ny, n = 7°7°n° events
with two lost photons. The background from KK} was found to be neg-
ligible. The 7y background was reduced by a factor of two by the cut
Eyot > 1.75 - Epeam With losing about 3% of useful events.

The invariant mass of 7% for selected events is shown in Fig. 27b. The
number of wr® events was found to be 506 £ 28 with the «’y mass (782.0 &
0.9) MeV close to the world average value [7]. These events were used to
check the above cuts efficiencies, masking procedure and it was confirmed
that 92% of signal events had exactly five photons. The simulated detection
efficiency was found to be (14.4 £ 0.1)%. The cross section vs energy for
ete= — wr® — 707% is presented in Fig. 26b. The interference with ¢ —
wn® is seen. The obtained cross section is a(my) = (0.61 £ 0.02 £ 0.04)
nb and is in agreement with that measured by SND [58]. The second error
represents the systematic uncertainty caused by background subtraction. To
remove wn® events the ”anti-w” cut Min, (7%y) < 750 MeV has been applied.

The subtraction of background 7 — 7°x°7® events was performed ac-
cording to simulation. The invariant mass of #°7° system for 2.4 < x* < 6
is shown in Fig. 27d and demonstrates good agreement of observed spec-
tra with simulation. The normalization of observed background events gives
N, = (20.6 & 1.0) millions in agreement with the (18.8 & 0.9) millions of ¢’s
obtained from the analysis of 7 photon events.

The invariant mass distribution of the %7 system for x? < 2.4 is shown
in Fig. 27c with the expected background from wn® after ”anti-w” cut and
from 37° events. The distribution demonstrates the increasing of the number
of events with high invariant masses (lower photon energy) and after back-
ground subtraction (268 £ 27)7%7%y events have been found. Taking into
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account a 16% detection efficiency the branching ratio
Br(¢ — n%n%) = (1.08 £ 0.17 £ 0.09) x 10~4
has been obtained for the total mass range. Figure 27e presents the differ-
ential cross section vs invariant mass and shows resonance increase at high
masses.
This result can also be presented: as:
Br(¢ — 7%7%y) = (1.06 £ 0.09 & 0.06) x 10~ for M0 0 > 550 MeV:
Br(¢ — n%z%) = (0.92 £ 0.08 + 0.06) x 10~ for Moo > 700 MeV;
Br(¢ — 7%7%) = (0.57 £ 0.06 £ 0.04) x 104 for M, 0,0 > 900 MeV.

These numbers are in agreement with those presented by SND [58]. About
a half of the signal has free photon energy below 100 MeV and half is in the
long tail. The systematic error comes from the uncertainty in the background
subtraction (about 5%) and from the uncertainty in the number of ¢'s (about
5%).

Figure 27f presents the angular distribution for free photons for signal
events with M oo > 800 MeV. The line shows the expected dN/df., =~
(1+cos*(6,)) distribution and points with open marks show subtracted back-
ground distribution.

If = ntn~~ decay goes through the f; intermediate state, the branch-
ing ratio with charged pions should be two times larger than that for the
neutrals. The experimental ratio of ”visible” branchings was found to be
0.4£0.2. Only assuming the strong destructive interference in the charged
mode these two channels could be described in one model. Using the four
quark model suggested in [55] a combined fit of photon spectra from 7070~
events and 77w~ was performed. This fit gives the following fo parameters,
coupling constants and branching ratio:
myg, = 969 £ 5 MeV/c?, gh /4 = (1.49 £+ 0.36) GeV?, ¢2_/4dr = (0.40 +
0.06) GeV?,

Br(¢ = foy) = (3.24 £ 0.54) - 10~* and relative phase (1.10 + 0.26) radians.

The obtained results and interpretations are in good agreement with those
previously published by SND [22, 58].

The selected events can be used to search for the CP, P violating decay
n — wo7%. This decay should be seen as a peak at 548 MeV with about +40
MeV resolution in the distribution presented in Fig. 27¢. In this energy range
the possible signal does not exceed 0.02 nb and the following upper limit has
been obtained:

Br(n — n%7%) < 5 x 10™% at 90% CL.
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16 Search for ¢ — nnw’y

This channel can also be searched for in the 5 photon mode with n decays
into two photons. The same 5 photon event sample was used. After the
masking procedure as described above the constrained fit (in parallel with the
7%y channel) finding one best combination of photon pairs with 7% mass
and pion momentum less than 350 MeV/c was performed. An additional
requirement to the found 7" is to have photons with not more than 80%
difference in energy. It removes background from low energy photons and
increases efficiency for events with low energy free photon due to smaller
probability of wrong combinations.

The invariant masses of coupled combinations of the two remaining most
energetic two photons are shown in Fig. 28a.

The cut 760 < Mo, < 805 MeV from 7%7%y reconstruction almost re-
moves background from wn® (the rest is shown by the dashed histogram). At
the broad background distribution from three pion 1 decays the peak with
80 + 22 events and m,, = (545 £ 4) MeV is seen. Histograms show the sim-
ulated background normalized as described above and a signal from nn%« _
decay. The invariant mass M, o distribution and angular distribution for
free photons are shown in Figs. 28b,c for events with 510 < M., < 590 MeV
after background subtraction. These distributions were obtained in two cases
- for "soft” cuts described above and for "strong” cuts when the additional
requirement for the reconstructed photon with highest energy was applied:
Eomaz/2Epeam < 0.75 . This cut reduces three pion background by a factor
of 4. The number of observed events drops to 37 £+ 12.

The detection efficiency obtained by simulation vs pn® invariant mass for
"soft” and "strong” cuts is shown in Fig. 28d.

The branching ratio corresponding to the "soft” cut
Br(¢ — nn°y) = (0.90 £ 0.24 + 0.10) x 104
has been obtained. For the "strong” cut this value was 7% higher or within
statistical errors.

The systematic error corresponds to uncertainty in the background sub-
traction and in the number of ¢’s taken for normalization. The invariant mass
distribution shows the increase of the number of events to higher masses sup-
porting the hypothesis about the ay(980) intermediate state.

The result for the 7%y mode is in good agreement with that published
recently by SND [23, 58].
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Figure 28: The ¢ — nn’y study: a. Invariant masses of two photons with
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(dark points) and "strong” cuts; c. The cross section vs nm® mass distribu-
tion for "soft” and "strong” cuts; d. The simulated detection efficiency vs
invariant mass for ”soft” and ”strong” cuts.
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17 Study of ¢ = ny = wtaw =l

The radiative magnetic dipole transition of ¢ into 1 has been previously
studied in many experiments [7, 15] using the neutral final states coming
from 5 decays into vy or 3w°. In this work we report on the measurement of
the ¢ — nv decay rate into the mixed charged-neutral final state: ete™ —
¢ = 1y = nt 7~ 7%y based on a data sample with the integrated luminosity
of about 1.9 pb™! (PHI-96).

In this analysis detection of all final particles is not necessary. Instead,
one requires the detection of both charged pions and at least one, the recoil
photon. As the recoil photon, one selects the photon whose direction is closest
to that opposite to the direction of the charged particles pr+,-. Using the
measured momenta of the pions as well as the measured angles ¢ and 6 of

the recoil photon and assuming that the energy of the recoil photon is given

2Ebeam 3 m : .
by w, = ( 1 A ) 2. one can reconstruct the invariant mass of all other

photons in the system, M;p,:

M? = (-ZEbeam)g o E‘f‘. ;i muE P§+¢.-~ — 4Bpeam (Ex+n- +wr) +

inu

—p —
257.""#_ iy == ?‘pﬂ"":lr"' * Wy,

where _+ .- is the total energy of #7 and 7, P+,- is the total momentum
of charged pions, &, is the momentum of the recoil photon. For the process
ete™ — ¢ = ny = wHa ™y this parameter Mj,, = myo = 135 MeV.

Events with 2 tracks and more than one photon were selected using the
following criteria:

s One vertex is found in the event

¢ Two tracks with the opposite charges are reconstructed from this vertex
and there are no other tracks

e The angles of both tracks with respect to the beam are limited by
40° < 8 < 140° to match the optimal DC coverage

e The number of photons detected in the Csl and BGO calorimeters is
more than one and less than six. The cluster in the calorimeter was
accepted as a photon when it did not match any charged track and its
energy was more than 30 MeV in the Csl calorimeter and more than
40 MeV in the BGO calorimeter

e The distance from each track to the beam r,,in < 0.2 cm
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e The distance from the vertex to the interaction point along the beam

direction |zyert| < 10 cm

e The space angle between the tracks Ay < 143°

¢ The angle between the track in the r-p plane Agp < 172°

¢ The total energy of the charged particles (assuming that both particles

are charged pions) £,+,- < 520 MeV

e The energy deposition of the photon accepted as a recoil one is more

than 250 MeV
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Points with errors present the
data.  The hatched histogram
is the sum of such distributions
for simulation of background pro-
cesses, solid line histogram is the
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Figure 30: The cross-section
o(eTe™ — ¢ — ny) with fit func-
tion

The figure is presented in logarithmic scale for befter background demon-
stration. The source of the peak near zero is the events of ¢ — 7y when
n decays to mTm~y. The distribution for the simulation of ete” = ¢ =
y — w7~ w0y is also presented in the figure together with the simulation
of the background processes: ¢ — 77~ 7%, e"e” = wn’, ¢ - KK} and
¢ —+ ny, 7 — mtr~y. The fraction of each background process in the to-
tal number of simulated events was taken in correspondence with its cross
section.

Dividing the data in the groups corresponding to different beam energies
and fitting the distributions over M7, by the sum of the functions describing
the effect and background, one can obtain the number of ¢ — ny — atn— a0y
events. After taking into account the radiative corrections the cross-section
value for each energy point was obtained. The results for different energy
points are presented in Fig. 30,

The efficiency was determined from simulation and the value e = 0.247 £
0.004 & 0.007 was obtained. The systematic uncertainty in the efficiency was
estimated comparing results of simulation of nuclear interactions by different
methods (FLUKA and GHEISHA) [59].

Fitting the energy dependence of the cross-section of ¢ —+ nvy (Fig. 30)
with the fixed value of the ¢ meson width I' = 4.43 MeV and phase of w — ¢
mixing d, = 180° the following results were obtained:

O peak = £ . Gl R v nb
Mg = (1019.38 "X+ 0.07) MeV
Yordto. = 184 [ .16

If the value U'ee /[Tiotal = (2.9940.08)-10~* is taken from [7], the branching
ratio corresponding the obtained peak cross section is

Br(¢ — 1y) = (1.18 £ 0.03 £ 0.06)%,

where the first error is statistical and the second one is systematic. The
systematic error was estimated by taking into account the following contri-
butions:

e luminosity determination (2%)

o the value I'ee /Tiotat (3%)

The distribution over the parameter M?,, for the selected events is pre-
sented in Fig. 29. The events from the decay of ¢ — ny form the peak near ¢ Br(n — ntr 7% (2.2%)
the 7° mass squared. The background fraction is very small after selection.

e detection efficiency (1%)
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e uncertainty in the signal shape (4%).

The result obtained in the present work is consistent with the world av-
erage value (1.26 = 0.06)% [7]. It is the first measurement of this decay rate
using the charged mode of 5 decay.

18 Observation of ¢ — 1’y decay

rI;he first observation of this rare radiative decay has been reported by the
CMD-2 detector in 1997 [10] on the base of data collected during the period
of 1992.— 1996. The search has been performed using the mode in which »’
decays into 7775 and n — 7. Here we present the improved measurerﬁent
’loased on the same data sample but with better efficiency due to additional
information from the endcap BGO calorimeter. ‘ :

There are two charged pions and three photons in the final state. The
1;)hut.uns are ordered by decreasing energy, from the hardest (w;) to the s‘oftest
(w3). The last one is a monochromatic recoil photon, so thdt its ener v
w3 = 60 MeV. The invariant mass of two hard photons .i!":flz — i
_ Tl?e other process with the similar kinematics is the decay ofﬂqé' to
in which 1 decays into 77~ 7°. Here the hardest photon is mannchroma;:g;
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with w; = 362 MeV and the invariant mass of two others is Mz3 = Mgo.

The decay ¢ — 1y is two orders of magnitude more probable and is one
of the main sources of background for a ¢ — n'~ search. At the same time,
the decay ¢ — 7y was used as a monitoring process and the branching ratio
of Br(¢ — n'7y) was calculated relative to Br(¢ — n7).

The events selected by the same criteria as in the ¢ — ny study described
in previous section, were kinematically reconstructed, using the maximum
likelihood method to improve the values of measured variables from energy
and momentum conservation constraints. The additional selection criteria

for the ¢ — 1’y study were the following:
e Three photons are detected in the calorimeter
s Y'/df. <O

e The ratio of the photon energy measured in the calorimeter weq to that
from the constrained fit w is weat/w < 1.5

_ 2 ] = 2
g lon £ 0.45 {Mzig m_o) — Wyy)~ 3 {“szsa?:lwﬂfl w

The last cut is to exclude ¢ — ny events which are inside this ellipse region
(for more detail see [10]). The number of reconstructed ¢ — 7y events
N,y = 1518. The efficiency from the simulation is &py = (16.6 £ 0.3)%.

After all the cuts the scatter plot of the invariant masses for two hardest
photons M, versus the weakest photon energy ws was studied. Figure 31
presents the data together with simulation of ¢ — n'y.

The one-dimensional distribution over ws+ M1z —my (projection of Fig. 31
plot to the axis perpendicular to the correlation line) is shown in Fig. 32c.
The same projection for the events from the nry ellipse is shown in Fig. 32a.
This distribution was fit to fix the background behaviour. Reconstructed
simulation events (from a sample of 20000 events generated ¢ = 'y, ' —
atT=n, n — 7y) are shown together with fit in Fig. 32b, and the determined
efficiency ey, = (12.2£0.4)%. The data were fit using the background
shape fixed from Fig. 32a together with that of the signal from simulation in
Fig. 32b.

The result of the fit is Nyy = 9.2+3% events.

The relative branching ratio is:

Br(¢ = n"7) _ Nyy Br(n-— rtr=7%) Br(z’ 2 7v7) €n
Br(¢ = n7) Nyy Br(n' = mtr=n) Br(n—=77) €wy
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Using the values of all branching ratios from (7]
Br(¢ — n'7) = (13.5¥38420).107%.

The last error is systematic one. As the branching ratio of Br(¢ — n'y)
is calculated relative to Br{(¢ — 1), the systematic errors due to luminosity,
detector inefficiency etc. cancel. The systematic uncertainty was estimated
using different parameters of the constrained fit procedure and simulation,
changes in selection criteria and different shape of background.

19 Study of K{K;] coupled decays

Figure 33: Display of the ¢ — K2K?{ event with a coupled decay

Candidates were selected from a sample in which two vertices were found
within 15 cm from the beam axis each with two opposite charged tracks.
Tracks in both vertices should have an acollinearity angle of more than 0.1
radians. An example of such event is shown in Fig. 33..

Figure 34a shows the lego plot of invariant mass M;,, vs missing momen-
tum P,,;; for tracks in the closest to the beam vertex assuming them to be
pions. The peak at the kaon mass and kaon momentum shows that the decay
K2 — 7t 7~ dominates in the first vertex.

The cuts 470 < Min, < 325 MeV and 80 < Ppis < 140 MeV/c with an
additional requirement to have another reconstructed vertex in the missing
momentum direction select I{g — w77~ events in one of the vertices. In
this case K9 is expected to be in the other one. With these conditions about
14000 events with double vertices have been selected.
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Figure 34: a.

b. The Min, v8 Pmis distribution for tracks in second vertex when K g is

selected in the first vertex
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The M;n, vs Pnis distribution for tracks in the first vertex:

1

Angle, rad KL vertex radius, cm

i . g _.-D " ‘ .
Figure 35: a. Decay length for K%; b. Decay radius for Kp; c. Prn_]ec.ted
angular distribution for "tube” events after background subtraction ([?mpts
with errors), for K2 two pions decays (histogram) and tihemei;}mal pre‘dmtmn
(dots); d. Decay radius for K 0 after Min, cut and after Kg selecting cut
(histogram)
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. e i and A
The sources of the inelastic scattering events are reactions Wl:;ei events
g ) : _ - se reactions to regener
Figure 34b shows lego plot My, vs P, for tracks in the second vertex production. About 10% admlxtufl"etﬁf rti?ateri al (0.1 mm mylar DC window)
when K — 77~ decay is selected in the first one. The three body decay and corrections for the presence of o fm&tifj erruf
distribution dominates, but the peak at the kaon mass is seen demonstrating give the main contribution to the systemat

the presence of a two pion final state in both vertices,

Figure 35a shows the decay length distribution for selected K9 — nto—
events compared to the expected one with the decay length of 0.54 +0.01 em
averaged over beam energy. The decay radius distribution for the K?’s with
two charged tracks in the final state is shown in Fig. 35b. The K} has the
decay length about 350 cm - much longer than detector dimensions and a
dashed line shows the expected number of K} decaying in flight if recon-
structed efficiency assumed to be uniform. As soon as the I{? enters the
material of the beam pipe a sharp peak with 562 + 43 events is seen starting
at the radius of 1.7 cm corresponding to K7} interactions with nuclei in the Be
pipe, following with a broad distribution with about 1100 events expecting
to be interactions with DC material (Cu-Ti wires and Argon). The remain-
ing events represent K decays in flight. All three major charged modes are
clearly seen (histograms are not shown).

To select candidates for K — #t7~ events an additional cut requir-
ing the invariant mass of two tracks from a K 7 vertex to be in the range
of 470 - 525 MeV was applied. The obtained distribution is presented in
Fig. 35d together with the fit function showing the flat distribution for K?
semileptonic decays remaining after applied cuts as well as a peak, start-
ing at 1.7 cm and describing by the exponential function with K o decay
length. 238 + 20 events under the peak are interpreted as regeneration of
K? into K ¢ at the Be pipe. One can apply stronger requirements for these
events to satisfy K? — a7~ kinematics within the detector resolution, i.e.
80 MeV/c < Py < 140 MeV /¢ and K¢ vertex being in the Py direc-
tion. This selection is illustrated in Fig. 35d by histogram. The peak at
the Be pipe survives with 91 + 12 events and about 180 K7} decays in flight
and interactions in DC material remain. About 40 CP violation decays of
K} — 77~ are expected but cannot be identified because of background
from K} semileptonic decays and nuclear interactions.

Using the number of events above and simulated efficiencies for estima-
tion of the total number of K7} passed through the Be pipe, the following
cross sections for the regeneration and visible inelastic scattering have been
obtained:

Or = (55.1 £ 5.9+ 5.0) mb

ot = (72 £9) mb.
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Figure 37: Missing mass diﬂtri}?u-
tion for events with kaons decaying
in flight

Figure 36: Experimental regener-
ation cross section and theoretical
calculations for Be and Cu

The data were obtained at different energies u.ka;nd the ¢. iheF;ig;z;é
: ion ¢ : for different kaon momenta.
ration cross section can be calculated | a1
?raei];ne momenta (105+2), (110£2) and (115+2) MeV/c 1+,he cross se;:. 10;15
?;1 95:8 5), (63.5+7.4) and (48.0+10.5) mb have been obtained respetﬁve y.
+ . . candi 4 i i t roblems.
The Seléction of candidates for K9 — nt 7~ events faced two p

' i nic K9 hich
First was a background from the dominant semileptonic K decays w
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already was discussed in [62] and
\ s disc seemed to be solvable wi
resolufion. bt s
| A S[—:C(::]d problem was relatively high background from nuclear interac-
’gnna of K and regeneration effect which was for the first time experimentall
observed for slow kaons with the CMD-2 detector. :
In Fig. 36a t'he measured regeneration cross section is plotted together
mlth the theoretical calculations [61] for Be and Cu. The comparison of the
L;li culated regeneration cross sections for these two different materials shows
tl at at momenta below 200 MeV /c one cannot scale them by a simple A2/ 3
r_eperﬁdence. Unfortunately, our momentum range is too narrow to prove it
experimentally. The experimental angular distribution of the regenerated K32
after baﬂkimuud subtraction is presented in Fig. 36b together with a ﬁ’rteﬁ
exponential function and theoretical icti J ’
he prediction [61] and s :
i [61] and seems to be more
I'he obtained regeneration cross section for Be for low momentum kaons

gives a possibility to estimate the regeneration back
: : ; kground for KLOE exper-
iments at DA®NE and helps to subtract it. OF exper

20 Observation of K¢ — mwev decay

While semileptonic decays of the K7 have been well measured, the infor-
II‘tﬁtlDIl on similar decays of K2 is scarce. The only mea:suren;ent of the
H. ¢ — m*etv was performed long ago and has low ;;,ccuracy [63]. The Re-
view of Particle Physics evaluates the corresponding deca.w,,rl rate .in-dir tl
using the K} measurements and assuming that AS = AQ so that w
I‘t;f‘i’il — n¥eFy) = D(KY - nteFy) [7). g
Eg present re:aults of thf! direct measurement of the branching ratio for the
Kﬁ ;;E}l Tey us.mg the m.nque opportunity to study events containing a pure
;g state produced in the reaction ete™ — ¢ = K®K%. The statistic
wasﬂcollected during 1993-1998 (PHI-93, PHI-96, PHli-E}Eg) %
Some characteristics of the detector relevant to this ana.]vs&s are:

! : : :

° Chargedf particles in the neutral kaon decays have momenta less than
290 Me\f-/ ¢ and stop within Csl crystals of the barrel calorimeter (the
information from the BGO endcap was not used in this analysis)

¢ The : '
1e momentum resolution for 200 MeV/c charged particles is 3%

¢ The barrel calorimeter is placed at 40 cm from the beam axis so that
about a half of K7 mesons with A\ = 3.3 m interact within CsI crystals
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e The beam pipe with a radius of 1.8 cm is placed inside DC and most
of K mesons with A = 0.6 cm decay inside it.

K? decays can be tagged using the presence of the second vertex with two
charged particles at a long distance from the ete™ interaction region or the
Osl cluster from K9 interactions in CsI. The most probable decay channel
K% — 7+ 7~ was used for the normalization of the semileptonic K% — mev
decay. Both channels have a vertex with two charged particles near the beam
axis.

To identify electrons in the decay under study, we are using the difference
between a measured momentum and energy loss in the detector material for
stopped particles. The basic parameter used for charged particle identifica-

tion was
DPE = JerT Ep!ass =7 Ecﬁu.ﬂ,m’}

where p is a particle momentum measured in DC, Ejyss is an ionization
energy loss in the material in front of the CsI calorimeter (this value is about
10 MeV), E.iuster is an energy deposition in a Osl cluster matched with a
particle track. The Csl clusters which do not match any track are further
referred to as photons. Electrons must have DPE = 0 if the resolution of
the detector is ideal and the leakage of showers in the Csl calorimeter is
negligible. On the other hand, pions and positively charged muons have a
broad distribution displaced from zero. Negatively charged muons have a
sharp peak displaced from zero as the energy of the Csl cluster is equal to
the difference between the muon kinetic energy and Ej,s5. Pions from the
decay K@ — mtm~ were used to obtain the distribution over this parameter
for charged pions in the momentum range 160 - 200 MeV /c. For electrons and
muons the distribution over this parameter was obtained {rom experimental
data for reactions ete~ — ete~, utpu~ at the beam energy of 195 MeV. At
this energy particle momenta are 195 MeV/c for electrons and 164 MeV/c
for muons. The distribution for muons overlaps with the one for pions and
this circumstance is correspondingly taken into account.
Some kinematic features for the decay mode K§ — mev are :

e The momenta of charged particles are less than 290 MeV /c

e The total energy of charged particles (assuming that both particles are
charged pions) is between 330 and 550 MeV.

The same parameters for the decay mode K§ — 77~ are:

e The opening angle between two tracks is more than 2.6 radians
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® The pion momenta are between 160 and 270 MeV /c.

The selection criteria for both modes of K2 decay were:
e One or two vertices are found in the event

¢ Two minimum ionizing tracks with the opposite charge signs are re-
constructed from the first vertex (nearest to the beam) and there is no
other track with the distance to the beam less than 1.4 cm

e The distance from the first vertex to the beam is between 0.2 em and
1.4 cm |

e The dis.t-an{:.e from the first vertex to the interaction point along the
beam direction is less than 7 cm

e Each cl'iargec% particle at the first vertex has a momentum from 90 to
270 MeV /c since particles with a momentum less than 90 MeV/c can
not reach the Csl calorimeter in the magnetic field of DC

o Ear:h tr:%ck a.t the first vertex crosses all sensitive layers in DC in the
radial direction and therefore has a polar angle # from 0.87 to 2.27
radians 8 :

e Fach charged particle at the first vertex fires ZC and does not fire the
muon range system :

e The E,'Zil‘rlilthal angle difference between two tracks at the first vertex
(Ag) is between 0.17 and 2.97 radians

o The azimuthal angle difference (Ay) between the direction from the
first vertex (K'g) to the interaction point and a photon with the ener] r
g_reater than 50 MeV (supposedly the K9 cluster) or the secmmjl vertﬂ
in DC (supposedly K? decay in DC) is within 0.5 radian ‘

o T herf:‘-: are no photons with the energy greater than 15 MeV outside
the direction from the first vertex to the interaction point +1 radian in

the r — .:pfpla,ne. This cut rejects background from processes with the
neutral pions.

To s , g i
0 ae_Ier:,t the dfzcay mode Kg — mev the following complementary
criteria for the first vertex were used:

* The opening angle between two tracks is between 0.35 and 2.50 radians
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e The total energy of charged particles (assuming that both particles are
charged pions) is between 300 and 470 MeV

e The invariant mass squared of the assumed neutrino is greater than
-10000 MeV? and less than 6000 MeV?.

To select the decay mode K2 — #ntn~ the following complementary
criteria for the first vertex were used:

e The opening angle between two tracks is more than 2.55 radians

e The total energy of charged particles (assuming that both particles are
charged pions) is between 480 and 540 MeV

e The pion momenta are between 140 and 270 MeV fc

e The average momentum of two charged pions is between 190 and
230 MeV /c

e The invariant mass squared of the assumed photon is greater than
-10000 MeV? and less than 6000 MeV?

The DPE distribution for events selected as candidates for the decay
K2 — mev is shown in Fig.38. The data were fit using the DPE distribution
for e, p and 7 measured in experiment. The result of the fit for the number
of the electrons is N, = 83.5 + 12.7. The number of mesons is equal to
N,, = 354 + 21. The distribution over the distance between the vertex and
beam axis for these events is consistent with that for Kg — n7n~ decays.

The main background for the K % — mev decay mode after applying the
above cuts comes from the decays K% — 7t =, K% — mpv and K} — mev.
The former two processes are taken into account while fitting the histogram
over DPE. The same procedure was applied to events with the distance from
the first vertex to the beam between 3 and 7 cm to take into account the
background from the K¢ decays. The resulting number of electrons for these
events is 24.2 + 6.1. Taking into account the dependence of the efficiency
of vertex reconstruction on the distance from the beam axis it was found
that the contribution of the K9-decays to effect is equal to 8.6 & 2.2. Thus,
the number of electrons and correspondingly the number of events of the

K2 — mev decay, is equal to
Under the applied cuts the number of K& — n7 7~ detected decays equals
178110 (of about 7 million produced KZK{ pairs). Applying the selection
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criteria above to the events from simulation, one obtains that the ratio of
the number of events due to the process under study and the normalization
process should be 1 : 2550 if their branching ratios are taken from [7]. Then
one would expect 69.8 events for the branching ratio of 6.7 x10~¢ evaluated
by the Review of Particle Physics. From 75 + 13 events observed by us the
following result was obtained for the branching ratio:

Br(Kg — mev) = (7.19 + 1.35) - 10™4.

The quoted error contains the statistical error of the number of events and
the systematic uncertainty (5% from the simulation detection efficiency and
5% from the selection criteria) added in quadrature. This result is consistent
with the only previous determination of Br(KY — wev) [63] as well as with
the Review of Particle Physics evaluation [7] which was obtained by the
calculation from K¢ semileptonic rates.

21 Study of charged kaon decays

Charged kaons from the ¢ decays have a 120 MeV/c momentum and cor-
respondingly about 50 cm decay length. Within 10 cm radius about 6% of
charged kaon decays are completely reconstructed. Most of the ma jor charged
kaon decays have one charged particle in the final state with some number
of neutrals (neutrino and #%). Only K* — 7z t7~ with a (5.59 +0.05)%
probability has three charged particles in the final state. This analysis uses
the data collected in the PHI-96 run.

Candidates were selected by the presence of two charged tracks in the
DC — one track coming from the interaction point with the 120 MeV/c
momentum and high dE/dx and second track with the low dE/dx signal,
acollinearity angle greater than 0.15 radian and impact parameter greater
than 0.2 cm. The decay point was reconstructed by prolongating the kaon
track to the intersection with a second track which was assumed to come
from the decay of another kaon. Under these conditions about 50000 tagged
kaon decays were selected with a decay radius less than 9 em. The momen-
tum and the direction of the decayed kaon are completely determined by a
tagging kaon and the missing mass can be calculated assuming the decay
particle to be a pion. Figure 37 presents the distribution of squared missing
masses calculated for two detected tracks. Peaks correspond to two body
decays K* — p*v and K* — 7%7°. Using the number of events under the
peaks and with the efficiencies obtained by simulation the following ratio has
been obtained:
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Figure 39: The DPE parameter distributions for negative (a) and positive
(b) decay particles . -

DK - 7570 /T(K* — pFv) = 0.340 £ 0.008 + 0.017.
This result should be compared with that listed in tables [7]:
(K - 779 /T (K* - pTv) = 0.3316 £+ 0.0032.

The broad distribution in Fig. 37 represents the three body decays of
charged kaons to 7°puv, n%ev and 7r°7®. The reconstruction of 7°’s from
detected photons can help to separate the channels mentioned above. In the
present analysis the different calorimeter response for electrons and mesons
was used. The charged particles from three-body decays have low momenta
and stop in the barrel CsI calorimeter that gives a possibility to separate
particles using the DPE parameter described in the previous section. The
shape of the DPE was studied with pions and muons from two body decays
and the functions fitting DPE for positive and negative mesons were found.
The average value of the DPE parameter for electrons is close to zero and
electrons could be séparated from mesons by the DPE distribution.

Figures 39a,b present the DPE distribution for negative and positive par-
ticles for events with the squared missing mass M2, > 3.5-10* MeV? se-
lecting three body decays. Lines present fit functions used for separation of
electrons from mesons. Electrons from semileptonic decays are relatively well
separated and 1503 & 52 events have been found (777 £29 of e™ and 726 3 31
of e~). Muon and pion distributions overlap and the more sophisticated
analysis including information from detected photons is under preparation to
separate all decay channels.

The following relative decay rate has been found:

D(KE — etn%)/(T(K* = p*v) + [(K* — 7*7%) = 0.0578 £ 0.0020 +
0.0020.

This result should be compared to the average value 0.0601+0.0015 or fit with
S—=1.4 value 0.0570 =+ 0.0008 listed in the tables [7]. The difference between
the average and fit values is probably due to a big spread of the measured
branching ratios making interesting new independent experiments.

22 Study of conversion decays

Conversion decays are closely related to corresponding radiative decays. In
conversion decays a virtual photon is converted into a lepton pair.

This work is devoted to determination of the branching ratios for conver-
sion decays ¢ — nete, ¢ — n%ete” as well as Dalitz decay n = ete™y. A
data sample corresponding to the integrated luminosity of 15.5 pb~*! collected
in the groups of runs PHI-93, PHI-96 and PHI-98 has been used.
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The decay ¢ — neTe™ was detected via the mode ¢ — nete™, n = ¥y,
the decay ¢ — w’ete™ viathe ¢ — n’eTe™, #® — v and the decay n — ete vy
— via the mode ¢ = 5y, n = eTe™ .

: Table 3: The relative branching ratios

: = | JI
The process ¢ — iy, n = 77~ was used to determine the number of N@ Br{n - fizﬁ-ﬂ . ?ii+e § T m;;-f;. &

¢-mesons. All processes have two charged particles and two photons in the (x10°) (x1077) o =

final state. PHI-93 | 1.18+0.16 8.08 +3.18 1.44 £+ 0.67 1.70 +1.19
Events were selected with two charged particles in DC and two photons PHI-96 | 2.43+£0.25 5.13 & 1.66 v e

in the Csl calorimeter. Information from the BGO calorimeter was not used PHI-98 | 11.83 £ 0.82 8.71+1.18 1'9? o 13;8 = gig

in this analysis. The selected events were subject to kinematic reconstruction PHI-98* 8.41+1.29 1‘12 tie sl

taking into account energy-momentum conservation. Total | 15.44 £ 0.87 7.56 + 0.92 1.12+0.17 1.29 +0.29

In Fig. 40a we plot the invariant mass of the # 7~ 7y,,i, system for the
data of PHI-98 where v,,;, is a photon with the minimal energy.
The number of ¢-mesons was determined from the formula

-

? & s _"‘\I{g
s Br(¢ = ny)-Brin - ata~y) ¢’ (6)
where Ny is the number of 777~ events, ¢ is the detection efficiency which
equals (13.24 + 0.26)% as the MC simulation of the experiment shows [59].

To select conversion decays one used the specific feature of their kinemat-
ics: the angle between et and e~ is as a rule close to zero.

Significant background to events of conversion decays comes from the ~-
quantum conversion in the detector material. The detection efficiency for this
process was also determined from the simulation. The number of conversion
events was calculated from the formula:

Neony = Ny - Br(¢ — Pry) - Br(P ~ v7) - Beonv (7)

where P stands for ny (for = eTe yand ¢ = nete™) or7° (for ¢ = 7% Te™).

The number of events of ¢ — 5y, 7 — eTe v was determined from the
spectrum of the invariant mass of the ete ™~ state (Fig. 40b). The following
criterion was used to select a photon:

Ymaz i (ill’fg-"g—?m” - ﬂ“fﬂ—rg—a:,-mm) < 2-M,,
H"mzn lf {'ﬂ'(i‘E!"hE"_ 5 + J'Ilife-l-e—.-:(mi"} :} 2 3 ﬂ"f-ﬂ-l.

where v,,. 18 a photon with the maximum energy, Ymin 18 a photon with
the minimum energy. The angle 1) between ete™ is less than 0.5. The
detection efficiency of the effect was (10.514+0.22)% and for conversion events
~ (5.08 4+ 0.36) - 1074,

The number of events of ¢ = neTe™, n — vy was determined from the
spectrum of the invariant mass of the vy state (Fig. 40c). The angle v
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between ete— is less than 0.5. The detection efficiency was (13.73 & 0.26)%
and for conversion events — (3.15 +0.31) - 10—,

The number of ¢ = nete™, ° — vy events was also determined from
the spectrum of the invariant mass of the vy state (Fig. j‘md).(j Tlée main
background for this process comes from the eventsof ¢ =+ 777 @, ™ — Y7,
But for this process the angle between charged particles does not have a peak
around zero, therefore this background can be suppressed by making more
strict the criterion for the angle between charged particles. The angle 1
between ete— is less than 0.15. The detection efficiency was (20.62 £0.32)%
and for conversion events was (5.59 £ 0.39) - 10*.

The relative branching ratios were determined from the formula:

r i
Np,; — Neonw;

= 8
2 Ng - Br; - £o, ®)
where i = 1,2, 3 corresponds to 7 = eTe™y, ¢ = nete” and ¢ — nlete™

Br; is the relative branching ratio,
No, is the number of events of the effect,
Ny is the number of the ¢-mesons determined from the formula (6},
Neonu;  is the number of conversion events from the formula (7),
Br; is the probability of the decays:

Br(¢p = ny) forn = ete™y
Br(n — yy) for ¢ = nete”
Br(x® — ) for ¢ — mlete™,
Eo; is the detection efliciency.
The results are shown in Table 3.
For the PHI-98 data we performed a fit of the energy dependence of
the cross sections with the ¢-meson excitation curve. In Fig. 41 visible cross
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Figure 40: Invariant masses for conversion decays, PHI-98 data

80

R s | ——

Table 4: Comparison with theoretical predictions and other experiments

Decay Br(n —»ete™v) Br(¢ — neTe™) Br(¢ — nlete™)
Theory | (6.60 £ 0.80) - 10> (1.10£0.10)-10~* (1.44+0.10)- 103
PDG | (49+1.1)-107° B Gt L e <12-107*
CMD.2 (7.56 = 0.92 (1.12 £0.17 (129 £0.29
+1.13) - 1073 +0.17) - 104 +0.19) - 1075

sections of the processes under the study are shown parametrized with the
Breit-Wigner function plus constant. At each point the procedure above
was used to calculate the visible cross section by dividing the number of
events over the integrated luminosity. The relative branching ratios of con-
version decays were determined as a ratio of the corresponding maxima of the
cross sections to the maximum of the cross section of the monitoring process
é — iy, n — «t w1y taking into account corresponding detection efficiencies
and decay branching ratios.

The obtained results (Table 3, line “PHI-98*”) are consistent with those
from the previous method (Table 3, line “PHI-98”).

The following sources of the systematic uncertainties were considered:
efficiency of reconstruction and detection of the tracks with a small angle be-
tween them, extra photons from the cluster splitting in the calorimeter, extra
photons from the noisy crystals and electronics channels in the calorimeter,
The overall systematic uncertainty was estimated to be 15%.

The obtained results do not contradict to theoretical predictions [64] and
have better statistical accuracy than the previous measurements quoted by
the Review of Particle Physics [7] (Table 4).

Using the data sample from the end-cap BGO calorimeter should result in
the efficiency increase by a factor of ~ 1.5+ 2. Investigation of the transition
form factors of pseudo-scalar mesons will require a detailed study of the
efficiencies of reconstruction and detection of tracks at a small angle.
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Figure 41: Visible cross sections for conversion decays, PHI-98 data

23 Observation of decay ¢ — m'v in the final
state with four charged particles and pho-

tons

A search for the decay ¢ — 1’y was performed using data collected in the
PHI-98 experiment in the decay channels (9) and (10):
n—=rtr 7’ or (9)

é6—=ny, 7 —=2grta,

o=y, 7onmtn™, nporaTnTy (10)
The main characteristic feature of the studied processes is the presence
in the final state of 4 charged pions coming from the interaction region and
two or more photons. That certainly gives clues for event selection and
possible sources of background. One of the main problems in the analysis
presented here is detection in the calorimeter of “extra” photons induced by
the products of nuclear interactions of Lharged pions in the detector material.
Since the probability of the decay ¢ — 7'~ is rather low (~ 10~ 1), practically
all processes from ¢ - KK~ and ¢ — KZK} with four particles in the
final state could contribute to the background because of their several orders
of magnitude higher cross section. The main backgruund however, comes
from the process ¢ — K3K?, where K% — a7~ and K] = na~ 0,
Analysis included full kinematic I‘E'CDH.‘:fI“uCtIDH taking into account energy
— momentum conservation. All charged particles in the reconstruction pro-
cedure were considered as pions. The following simple method was used for
suppression of “extra” photons. Angular coordinates of all detected photons
were input parameters for the kinematic reconstruction. As output param-
eters of reconstruction procedure photon energies were obtained. Photons
with the reconstructed energy below threshold (E;, = 30 MeV) were con-
sidered as “extra” photons and were excluded from the subsequent analysis.

The following criteria were used for event selection:

o Nipager =4, P < TOOMeV ;N5 >1

e dE/dx < 2000 and min M;n,(37) > 510 MeV -— these suppressed back-
ground from the decays of charged kaons

e The following condition suppressed background from the decays of neu-
tral kaons: max M, (7T, 7") < 450 MeV
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E., = 60 MeV; histogram — Monte Carlo, black squares with error bars —

data

e Background from conversion decays was suppressed by the cut over the
space angle between opposite charged tracks: miny (7™, 77) > 0.3

e Track impact parameters: rmin < 0.3 cm.

The number of survived events after application of all these selection
conditions was N, = 13. The efficiency of the listed criteria was obtained
from the simulation of the processes (9) and (10):

0.084 + 0.003,
0.111 = 0.003.

Ep—=3n =

il

Eﬂ—?ﬂ‘?' 7, .

The simulated spectra on the following pictures were obtained as a sum of
the contributions of the processes (9) and (10) with the numbers of events
proportional to the corresponding decay probabilities.

Figure 42 shows the distribution over the missing mass of the pair of
charged pions and the photon with the energy closest to the energy of the
monochromatic photon from the decay ¢ — n'~. As one can see, the exper-
imental data does not contradict to the simulation. To estimate number of
remaining background events in N,.,, simulation was done for the processes
with charged and neutral kaons. The number of simulated events for each
decay mode was approximately equal to the expected number of events for
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this mode in the PHI-98 experiment. [t was found that the only contri-
Bution to the N, could come from the process ¢ — K2K9 K% — 7tz
and K — 7tn~ 2% In practice, it is not possible to determine this con-
tribution from Fig. 42 because of the rather big combinatorial background
m the M,,;s(7" 7~ ) distribution — each event gives four entries into these

spectra.
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Figure 43: The distribution of the missing mass of 4m versus the maximum
of the track impact parameters; a) black squares — experimental data, dots
— sum of Monte Carlo of the processes (9) and (10); b) black squares —
data, light triangles — simulation of K2K?}

Figure 43a shows the distribution over the missing mass of all four charged
pions versus maximum of the track impact parameters. Good agreement is
seen on this picture between the Monte Carlo and the experimental data
for rpmin < 0.3 cm. The expected number of events with 7, > 0.3 cm
is N;Tg'a = 1.4 £ 1.2, while the number of detected events in this region

1S ﬁiﬁg‘?’ = 6. In Fig. 43b the same distribution of the experimental data

is shown in comparison with the simulation of the process ¢ - KgKj. It
is seen from this picture that K3K gives the main contribution to N9,
Thus, the parameters M,,;s(47) and ryi, could be used together to control
the background from the decays of neutral kaons.

The process ¢ — K3K| was also used for the normalization and calcu-
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lation of the probability of decay ¢ — n'v. The following requirements were
applied to select events:

o Nirack =4, p < 700 MeV, ming(77,77) > 0.3, N, > 1
o dE/dx < 2000, min M (37) > 510 MeV

e And finally, the selection of ¢ — K K}] itself: M, (7™,
for at least one of 7T 7~ pairs.
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Figure 44: The distribution over the Figure 45: The distribution over the

invariant mass of 2v in the decay maximum of track impact parame-
¢ - KIK9 K% = atn~ K} — ters for K$K?
?r+?r_?rﬂ

Figure 44 shows the distribution over the invariant mass of a pair of pho-
tons for selected events. The clear peak is observed around m, o ~ 135 MeV.
The selection efficiency was determined from MC:

exoe = (51+03)-107%

The number of detected events: N K9Ko = 278.
Figure 45 shows distribution of the maximum of all four tracks impact

parameter. The probability to detect I{ETBL events with rmin < 0.3 cm:

thr;'{g ;{IJ.'I {T-;”iﬂ < 0.3 E:III} 45

Weo o = ; =
Kty Nﬁrg KO Win ed cin ) 233
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=0.194+0.03. (11)

7) > 450 MeV

This probability mostly depends on the shape of the r,;, distribution and
s weakly affected by the other requirements used for selection of KCK7
events. According to this consideration, the contribution of K$K7 to Nn %
was estimated and the number of n'y events was obtained as fﬁllan.
wa | > ] }DE r}DB 2
Pﬁrnhr- == :\'na:lr T"{fﬂg‘;{ﬁ{ﬁ\ ?\- ) 110 =30

'y
The probability of the decay ¢ — n'y was calculated using the formula:

NI?'T
Ngo ko
koo Br(d — KYK)Br(KY - #t77)Br(K} — stn~x")

~70) 4 €psnta-Br(n = 7tw=y)]|Br(y’ - 7tx—n)

Br(¢ — n'y) = X

[Eqasn Brin = atw

Taking the decay probabilities from [7] the following value of the branching
ratio was obtained:

Br(¢ — 7'y) = (0.58 £0.18 £ 0.15) - 107 .

The last error is due to the systematic uncertainty.

24 Analysis of ¢ — nete™, n — w7n w° de-

cay

In analysis of events of ¢ — nete™ decay the kinematic reconstruction was
performed with energy-momentum conservation taken into account. The
pair of opposite charge particles with the smallest angle between them was
considered as a ete™ pair. Two remaining charged particles were considered
as pions. The procedure described in Section 23 was applied for suppression
of “extra” photons.

Criteria used for the selection of the events of ¢ = nete™, n = ata™n
decay are listed below:

(

events with

] f\"”apL = 4: P < T00 MeV . :\v e ] I"m”l{u ) < 0.3 cm
pions coming from the interaction region selected.

Since conversion decays feature a small angle between e* and e~ the following
requirement was applied:

o YleT,e”) < 0.3
87




o My (ete ) > 200 MeV — events of ¢ — nta— 70,70 = ete vy
decay excluded.

For events satisfying all these conditions the distribution over the invariant
mass of two pions and two photons Min, (7T 7~ v17y:) is shown in Fig. 46
where the peak around m, ~ 548 MeV is clearly seen. After the additional
requirement: "

¢ Miny(mTT~M1y2) < 590 MeV

Nye+ e~ = 44 events survived.
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Figure 47: Distribution over the
sum energy of et e -pair

Figure 46: Distribution over the in-
variant mass M., (w7~ yy)

Figure 47 shows the distribution over the total energy of the ete™ pair.
The peak at ~ 360 MeV corresponds to the energy of the virtual photon in the
conversion decay ¢ — nv* ,7* — ete”. The fit of the E,+ + E,- spectrum
was performed by the sum of a Gaussian and the flat background distribution.
Thus, the number of events from the decay ¢ — nete™ ,np = 77~ 7% was
found to be:

Kobrer =D .

The efficiency of the selection requirements was determined from the simu-
lation:

Epete- = 0.130 4 0.003 .
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To calculate the probability of the decay ¢ — neTe™ and for the normal-
wation the process ¢ — w7~ 7", 7% - eTe™ v was used. Selection of events
of this process was done according to the following condition:

® Nirack = 4, P <700 MeV, N, > 0,
Fmin(7=) < 0.3 cm, ¥(ete™) < 0.3

o |[M;,,(ete™ ) — 135| < 40 MeV.
The selection efficiency 1is:
Ex0_yete—~ = 0.0675 £ 0.0025 .

The number of selected events was: Njo_,.+.-~ = 1248. The probability of
the ¢ — nete™ decay was calculated from the formula:

T
simpT e

Br(¢ = nete ) = X

Nyo_y e+ e~
Br(¢ = ntn~7%)Br(n® - e+e"ﬂ;)5ﬂaqe+ﬁ_j.
Brin = ntax-2%e 00 :

Using the number of events and efficiencies found previously and the decay
probabilities from [7], the following branching ratio was obtained:

Br(¢ = nete™) = (1.00£0.18)- 107

25 Search for n — nTw~eTe™ decay

The decay mode ¢ — 1y serves as a source of -mesons tagged by a monochro-
matic photon with the energy E., ~ 360 MeV.

A search for the decay n = ntn ete™ was performed using the data
sample collected in PHI-98 experiment. Data analysis included full kine-
matic fit as described in Section 24. The following criteria were used for
event selection:

® Nirack =4, P <700 MeV, N, =1, T"min(?r_;} < 0.3 cm
e The angle between eTe™ tracks: ¥(e*,e”) < 0.5

e The requirement M(e™,e™,v1) > 200 MeV rejected events of the pro-
cess = wHr—a? 70 5 ete
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o Events of conversion decay ¢ — nete™ were suppressed by the condi-
tion: E,.+ + E.- <330 MeV.

Figure 48 shows distribution over the invariant mass of all four charge
particles versus the photon energy. For the decay under consideration, the
distributions over these parameters should have peaks around my, = 548 MeV
and E., ~ 360 MeV. As it 1s seen in Fig. 48, this region is actually populated
with few events. After the requirement:

o |M(ntn—ete~) — 548| < 30 MeV, |E, — 360] < 30 MeV

N,y yntn-ete- = 3 €vents were selected.

The main background for the decay 5 — m*n~e'e” comes from the
process ¢ — 1y,n — a7 7’ and 7® — ete~~ when the photon from #°
decay escapes detection in the calorimeter. But the distribution of invariant
mass Mn, (7~ ete™) for these events is broad and does not have any peak
near m, ~ 548 MeV. Number of expected background events was found from
simulation: Ny, = 0.5 £0.2.

The decay probability was determined from the formula:

N, snt+x—ete- Br(¢ = ata~ 7)) Br(r® = ete )
Nyoete—r BT(@L’ i "?’T) :

Br(n > rtn ete”) =

The following value was obtained:

Br(n = mtr"ete”) = (3.5 £2.0)-107".

26 ete — wiw wTn~ below ¢-meson

For analysis of the process efe™ — a#Ta~7wTa~ in the c.m. energy range

600-1060 MeV the data samples collected in PHI-98 and RHOM-98 ex-

periments were used. Analysis of the data included the kinematic fit with

the constraint ¥, p; = 0. All charged particles were considered as pions.
The following criteria were used for event selection:

o Nirgck = 4, max|cos8;] < 0.8, ryin < 0.3 cm

e To suppress conversion decays the requirement was applied:
min (7, 77) > 0.3
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The cross section of the process ete~ — 7tr w7~ was calculated using
B

the formula:
in'*rdfr

Le
The detection efficiency for each energy point was determined from the sim-
ulation of the process ete™ — 471 with the uniform distribution of the final
particles in phase space. The obtained cross section is shown in Fig. 49.
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Figure 49: Cross section of the pro- Figure 50: Cross section of the pro-
cess ee” — wtrntr~ below ¢-  cess ete~ — rta—ata- near o-
meson meson

In the energy range Ej.qm = 365-405 MeV (around the maximum of p-
meson) Nyx = 3 events were selected. The number of expected background
events was estimated to be ~ 1. The main source of the background was the
decay w — 77770 70 — etey. Assuming that the contribution of the
higher p recurrences (p(1450), p(1 700)) to the observed 47 events is negligible

so that all of them come from the p-meson decay, the following upper limit
was set:

gleTe” = p—ntr ntr) <0.024nb  at 90% CL.
The corresponding upper limit for the partial decay width is
Flp = a7~ n%r~) < 3keV  at 90% CL.
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This value is 10 times lower than previous measurement [68]. Several theo?eb
%al calculations [65]-[67] exist for I'(p — w#tx~a"7~). Table 5 summarizes

" these predictions. Our result certainly excludes theoretical models considered

i [65] and [66] and does not contradict to the calculations in [67].

. i — + i
Table 5: Theoretical predictions for the decay width I'(p = 77~ 77 7~)

Work | T'pyrtm—nta-, keV
[65] 6
25
57
66] 16
67) 0.59-1.03

The behaviour of the cross section near the ¢-meson is 5}1{}1&11 in more
detail in Fig. 50. The cross section was fitted using the following formula:
2
mgly
Tigy = Ug(l“"JfI(E—'TH@j}Il—ZTHi_Ez_iE.F¢ 3

where E = 2E)..m, 0o 18 a non resonant cross section of the process ete” =
stx—awtn— at E = mg, A is a slope parameter, mg and [’y are t_h-:-: ¢-meson
mass and width and Z = €' is a complex interference amplitude. The
following values were obtained from the fit:
gg = . 1L.08+0.03nb,
A = 0.011+0.001MeV ™,
Im(Z) = 0.080=+0.024,
Re(Z) = —0.150+0.022.

This allows to obtain |Z] and ¥
|1Z| = 0.170+0.024,
§ =" [(“GEEEY, ,
Then the branching ratio of the decay ¢ — 47 can be obtained:

ao|ZJ*
T¢
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Br(¢ = nta~nta™) = (0.77 £ 0.21 £ 0.20) - 1073,




where o4 is the cross section in the maximum of ¢-meson. The last error in
this result is the systematic one. It takes into account the model dependency
in the calculation of the detection efficiency and oy. Some work is still needed
for correct understanding of the systematic errors. Nevertheless, evidence for
the decay ¢ — nTn~ 7T n~ could be claimed.

27 Study of the process ete™ — 47 above ¢-
meson

The process of 47 production is one of the dominant in the total cross section
of eTe~ annihilation into hadrons in the energy range from 1.05 to 2.5 GeV.
For the first time it was observed in Frascati [69] and Novosibirsk [70]. The
first experiments with limited data samples allowed a qualitative study of
the new phenomenon of multiple production of hadrons and estimated the
magnitude of the corresponding cross sections. Subsequent measurements by
M2N [71], DM1 [72] and DM2 [73] in Orsay as well as by OLYA [68], CMD
[78] and ND [74] in Novosibirsk obtained more detailed information on the
energy dependence of the cross sections of the processes ete™ — 47* and
ete” = nwta 2x",

The abundance of the different mechanisms and their complicated inter-
ference results in the necessity of simultaneous analysis of two possible final
states (2t 27~ and 77~ 27°) which requires a general purpose detector ca-
pable of measuring energies and angles of both charged and neutral particles.

Our analysis is based on the data sample corresponding to the inte-
grated luminosity of 5.8 pb™' collected in 1997 HIGH-97 while scanning
the c.m.energy range 1.05-1.38 GeV. To describe four pion production we
used a simple model assuming quasitwoparticle intermediate states taking
into account identical final pions (see [75]) and the interference of all possible
amplitudes.

To select events of the process eTe™ — 777~ 77, the following criteria
were applied :

¢ Nirack = 2
¢ ﬁr‘”ﬁ]"t = 1
e ()1 +0Q2 =0

e max(rmin) < 0.3 em

[zuertf “ ].Uﬁm
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o |Af] > 0.1
o Onin > 0.04
o N, (E,>20 MeV) > 3

L] Jvﬂu = 2

For all possible combinations of x%70, the kinematic fit was performed
with the following constraints :

. Zi E; - 2Epeam

¢ 3Pt =0
L ] M’:I"IF:I'E — 'm-n'u
. y3ys — My0-

For further analysis the combination with min(x?) was selected under the
condition x? < 16. After such selection 22128 events remained.

Figure. 51 shows the distribution over M recoit (M) at the energy Fpeam =
$90 MeV. Each event gives two entries to the histogram corresponding to two
+9 Points with errors are the data, the histogram shows MC simulation. A
signal from the process wn” is clearly seen.

To select the process wn®, all the data was divided into two classes:

. min(Mrecou(n®) — muf) < 70 MeV

The first class contains mainly wn® events while the second one has a rela-
tively small admixture of wr® (1 + 5%). Since the matrix element for the
channel wn® can be written unambiguously, one can use the events from the
first class to test the adequacy of the total MC simulation [59]. |
Figures 52, 53 show the distributions over My (7E79), ifrem-;(w*),g
Mip(ntn™), Mo (707°), cos(t 50), COS(Yrt r~ ), cos(¥xo0) and Myecoir (")
Good consistence of the data and MC makes us confident that MC simula-
tion adequately reproduces both the kinematics of produced particles and

the detector response to them. ‘
Similar distributions for the events of the second class are shown in

Figs. 54, 55. A clear signal of p* is observed while there is no signal of the
p°. Thus, one can assume that these events originate from a heavy isospin 1
resonance. The best candidate for this intermediate state is a; (1260).
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Histograms in Figs. 51, 52, 53, 54, 55 correspond to the simulation of the
processes wr® and a; (1260) taking into account their interference as well as
the interference of the diagrams differing by permutations of identical final
pions [76]. In the simulation the mass m,, = 1230 MeV was fixed [7],
while the free parameters were I, , the normalization and phase of the inter-
ference amplitude of these two contributions. One can see that the process
atn - 7%7° is good enough described by the minimal model in which only

e C A two intermediate states wn® and a;(1260)7 are taken into account. Similar
100 | 30 consistence is observed at other energies.
o5 Since the channel wr® does not contribute to the cross section ete™ —
o 5 ": st~ at#, one can test the hypothesis of the a;(1260) dominance for this
50 = case. To this end four-track events were selected satisfying the following
15 [N } ;‘ criteria:
40 o &L |
% | ﬁ ulﬂ ® Nipack = 4
20 B 5 :_ E 1 ,lﬁ : i
A GE,...L_.J...J.""lll!l!Ill 'EiQi:I‘j
~1 0.5
L] maxtrmin) < lem
| 80 o b |Ztmr:ks! < loem
25 | 70 E o X5 < 20.
I B0 F
20 . 5 i o As a result, 28552 events survive after these cuts.
il | " i 3 | Figure 56 shows distributions over Mn, (7F77), Mino (1 71%), Mrecou (7*)
- ', E | and cos(1+,+ ). One can see that the hypothesis of the a, (1260) dominance
10 | - 4 - 30 E [ does not contradict to the data although one should note a slight deviation
i j}ﬂ' 20 £ y in the spectrum of the invariant masses of the likesign pions. This devia-
3 f [l ‘ i i0 B | ’ﬁﬂ:{ ,. tion could be explained by the contribution of the D — wave, but can not
I ek TR e . E.Mﬁq{{; Yoi o cidd be explained by the admixture of other possible processes (po, as(1320),
=1 o7l O 0.8 400 600 800 1060 1200 » 7(1300)m, etc.). Their fraction compared to a;(1260)r is small [76] and its
cos(¥). n'm Mouca(71°), MeV/c* “- study is now in progress.
It is important to note that due to the strong interference (5 + 10%)
between wn® and 777~ %7, extraction of the cross sections of the separate
Figure 55: Distributions over cos(¥y+0), €OS(¥r+-), €08(tron0) and ' channels loses its usual meaning. Nevertheless, to simplify. the presentation,

Myecoit(w°) for m 7~ 27" events from the class (2)

100

we neglect the interference effects while showing the cross sections of wn®
and 7t 7~ 7%7° and include the arising uncertainty into the systematic error.

To determine total cross sections selection criteria were modified and the
cut cos(t)) < 0.7 was applied where ¥ is the angle between the photon direc-
tion in the 7% rest frame and its momentum. This cut allowed to improve
the stability of the detection efficiency.
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Cross sections were calculated from the formulae:

N,
Sur® = Prlw—a3m)-(1+0)-L-c’
b Nﬂl
S dei B v T

where L is the luminosity, ¢ is the detection efficiency from MC, é is a radia-

350 £ 7 a0 F y : :
%9 Lk 175 : 1 N ‘ tive correction calculated according to [34]. '
b : 185 3 M,m - The number of events N, N,, was determined from:
E g s E i B:Ni—(1-)-No
o TR e v - B0
e C [ Ml
o f s ' ’% i a No—(1—a)-Ny
o0 E4 e | A m = T i e
by 2 TN e T ﬂ
S 2 r ¢ 25 B I
8 Bl s e o Eile i bt S where N; and N, are the number of events in class (1) and (2), a is the
200 400 600 800 1000 206 400 600 800 1000 probability for the wn® event to enter class (1) and g is the probability for
Min("m7), MeV/c? Min{T ™ 70 ), MeV/c? the a; 7 event to enter class (2). a and 3 were taken from MC. The overall
500 E — 500 | systematic uncertainty for 77~ 7%7° was estimated to be ~ 15%.
- . E Figure 57 shows the obtained cross sections for e*e™ — wn? and ete™ —
400 |- rﬂﬂitih 400 Bt 7070 |
: : 2k n _ Figure 59 shows the total cross section which is consistent with the previ-
300 |- : 300 L ous measurement at OLYA and within systematic errors does not contradict
C ; to the recent result from SND. Also shown are results from other Novosibirsk,
200 |- 200 F | Orsay and Frascati groups.
: E Pﬁhf To determine the cross section ete™ — aTa~ 7wz~ the selection criteria
100 F- 100 F w e were also modified:
C : e *\"l‘ﬁ?‘ﬁfm 9
G4Dﬁzﬂ“laéﬂuiclﬂﬁl1lzam 0 Sresiptinibi e
. | -5
Mun(7 ), MeV/c? ) ! DGS&E}’ ﬂ;ﬁ.1 it > 067

L 121 E3 = Ebﬂﬂm! [ R U.Z'Eﬁeﬂ.m

Figure 56: Distributions over M;,,(r%#¥), Mine(7¥7%), Myecou(n*) and o |3;Pt| < 0.3- Ebeam,
cos * oy : : . .
(¥r£x3) for dn= events ; , where F;, ! are pion energies and momenta before thé kinematic reconstruc-

tion.
The cross section was determined from the formula:
.P?T_.ifr
T = L — .
AN (1+0)-L-¢
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Figure 57: [Energy dependence
of olete” — wn®)—upper and
oglete™ = ot~ 27Y)—lower where
the contribution of wn® is sub-
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Figure 58: Energy dependence of

s olete T atg)
the ratio o(eF =¥ r=a0x0) - The

contribution of wn® is subtracted.
The solid curve shows the theoret-
ical prediction based on the a;n
dominance

The systematic uncertainty for 7+7~nt7~ is also ~ 15%.

The obtained cross section is shown in Fig. 60. It is consistent with
the previous measurement at OLYA and within systematic errors does not
contradict to the recent result from SND. Also shown are results from other
Novosibirsk, Orsay and Frascati groups.

Figure 58 presents the ratio of the cross sections o(ete™ — 7ta—7+7)
and o(ete™ = 77~ 7%%°) where the contribution of wn® is subtracted. The
solid curve shows the theoretical prediction based on the a7 dominance.

Thus, in this work it is shown for the first time that in addition to
the wr® the considerable contribution to the cross section of the process
ete”™ = nn~ 7% comes from the a;(1260)r channel. The later simulta-

neously accounts for the dynamics of "7~ 77~ production in the energy
range 1.05 to 1.40 GeV.

28 Evidence for wn?n® production

In order to investigate the background to ete~ — 7+7— 270 coming from the
processes with extra 7% in the final state, we select the events with Mpgap o8 2
and N, > 5. The event selection and procedure of kinematical reconstruc-
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tion was the same as for eTe™ — 777 27% except that the three 7°’s were
required. To suppress the main background coming from ete~ — 7+7—27°,
we require that y2 < 10.

In the distribution of M, (37°) a signal from the process ete™ — prtm
with n — 377 is clearly seen. In order to suppress this events, we require that
Miny(37%) > 650 MeV. Figure 61 shows the distribution of M;,, (rr 7~ 70)
for the energy range 1300 < 2 - Ejp.opn < 1400 MeV. Each event gives three
entries to the histogram corresponding to three 7°. One can see the evidence
for the w signal.

Using MC simulation of the wn'#® process we can conclude that the
admixture of this process to 77~ 29 less than 0.3%.

29 Study of the processete™ — wtn—ntn—7°

For the study of this process the information collected during the HIGH-97
run has been used. Events with Nj,.4.1 = 4 and N, > 2 including photons in
the endcap BGO calorimeter were selected and were subject to the kinematic
reconstruction with constraints on total energy and momentum under the
assumption that all charged tracks are pions. For the combination with the
best x? the invariant mass of two reconstructed photons m.,, has been found.
The distribution over this parameter for the c.m. energy 1380 MeV is shown
in Fig. 62.

For further analysis events with |m.,, — 135] < 30 MeV and E, > 40
MeV were selected and were subject to the kinematic reconstruction with
the requirement that two selected photons form a #°. The invariant mass
My+q-go for each of four possible combinations of charged and neutral pions
was plotted. The main background for the process under study comes from
the reaction ete™ — ntn~7+t7~ where extra photons were detected or the
calorimeter response to a charged track mimicking an additional photon. The
shape of background was found in two ways — with total simulation of the
ete”™ = aym — vt nt ™ channel and assuming that events at the energy
below 1280 MeV come from a background process only. The shapes of both
distributions were found to be in good consistence with one another.

Detection efficiencies as well as the shapes of signal and combinatorial
background were found from the total simulation for the processes ete™ —
nrta~ and ete” — wrTn~ with a consequent decay of w and n into three
pions. It was assumed that w decays into three pions via pr. The detection
efficiencies were found to be (28.0 £+ 0.5)% and (24.0 + 0.5)% for wrtr—
and nr* 7~ channels respectively independently of the energy. The radiative
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correction for the processes under study equals 25%.

Results of the fit at the energy 1380 MeV are shown in Fig. 63. The
energy dependence of efe™ — wrtr™ and ete™ —+ nrtr~ cross sections
together with data from DM2 [77] and ND [49] detectors is shown in Fig. 64
and Fig. 65 respectively. Error bars include the statistical error only of
data while the analysis of systematic uncertainties is in progress. The sum
of ete™ — watnw™ and ete” — nat7~ cross sections measured in this
experiment is in good agreement with previous results of CMD [78] where
the total cross section of the reaction e™e™ — rtr— 7 77 was measured.

The cross section for background process defined from the numbers of
background events in fits at different c.m. energies was found to be of the
order of 20 nb™! in good agreement with a cross section of the process ete~ —
7t~ ntx~ found in section 27. It means that the final states wrtr— and
nrta~ saturates the process ete™ — wtr—nta—x0.

30 Evidence for p — w interference in the re-
action ete™ — wTw~7? above ¢-meson

The efiect of the p — w interference is usually studied in the reaction ete— —
777~ (see Section 9). However there exist another interesting possibility to
study this effect in the reaction e¥e™ — nt7~7° above the ¢-meson.

In accordance with SU(3) predictions the wn® production amplitude must
be about 3 times larger than this for p°7° making the effect of interference
anomalously large compared to that observed in the 77~ channel where the
production amplitude for the w-meson is 3 times smaller than for the p. This
interesting phenomenon has been first described in [79], [80] and its evidence
were demonstrated in [58].

For the study of this process the information collected during the HIGH-
97 run has been used. Events with Niyecr = 2 and N, > 2 including photons
in the endcap BGO calorimeter were selected and were subject to the kine-
matic reconstruction with constraints on total energy and momentum under
the assumption that both charged tracks are pions.

For the combination with the best y? the invariant mass of two recon-
structed photons m., has been found.

For further analysis events with |m., — 135 < 20 MeV, E, > 40 MeV,
0.2 <9 < 2.8 rad and 7,4 < 0.3 cm were selected and were subject to
the kinemétic I%Qonstruntion with the requirement that two selected photons
form a 7%. The main background for the process under study comes from the
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Figure 66: Observation of p — w interference in i:he; i;}ava,ria.nt m.ﬂ:u.ss spgnﬁu\rf
of charged pion pairs in the reaction E+E‘,". A a,i 1.:5_4151 + 1360 Me :
Fitted histogram - experimental distribution over the 777~ invariant ma}ss,
hatched plot - 77~ invariant mass distribution for the background process
ete— — ntr— 770 included in the whole fit

0
reaction ete~ — mtm—2r° where two photons from the 7° decay escaped

detection. The shape of background was found from the simulation of the

= ~n0q0 i " ' iate states in
process ete~ — nta~ 77" assuming wr” and a7 intermed

accordance with the results of the work [76]. : ki

The example of the distribution over the inv&_na,n}a mass of the 4 pa];r
M.+, at the c.m. energy 1350 MeV is shown in Fig. 66 to_gether with the
distribution of the background events. The shape of the s_lgna}l was fitted
with the help of the expression taken from the paper [79] taking into account

ion of the detector.

R Iieis: 15111:91:? that the experimental data are in good agreeme:llt with theoret-
ical expectations with the p—w mixing parameter d close to its value known

from other experiments almost, i.e. § is purely real and equals 3.5 MeV.
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Table 6:
CMD-2 Data PDG’98
mg, MeV 1019.470 £ 0.013 £ 0.018  1019.413 £ 0.008
Ty, MeV 4.51 4+ 0.04 £ 0.02 4.43 + 0.05
Br(¢p - KtK™) (49.1+ 1.2)% (49.1 £ 0.8)%
Br(¢ - K Kg) (33.5 + 1.0)% (34.1 £ 0.6)%
Br(¢ — 3m) (145+09+0.3)% (15.5 £ 0.7)%
Br(¢ — 1) (1.24 £ 0.02 £ 0.06)% (1.26 +0.06)%
G O 0p0
Br(¢ — 1) (1.18 +0.03 £ 0.06)% (1.26 + 0.06)%
n— T 70
Br(¢ = ete™) (2.87 £ 0.09) - 10~* (2.99 + 0.08) - 104
50 (162 £ 17)°
Br(¢ — n'v) (1351032 £0.2) - 104 A e
N = T Ty
Br(¢ — n'vy) (0.58 £0.18 £0.15) - 10~*  (1.2%37).10-4

n = rtr atr— gl
n = ata atny

Br(¢ — nete)
= 7Y
Br(¢ — nete™)
n—atr 7l
Br(¢ =+ ntm—y)
Br(¢ — mx%y)
Br(¢ — nn’)
Br(¢ — nlete™)
Br(¢ - pTp~y)
Br(¢ — py)
Br(¢ — p77)
Br(qﬁ b ?}'?r+?r )
Br(¢ — prp”)
Br(¢ = nrn™)

Bf‘[:(f) — 7wt )u{wect

™)

Br(¢ = ntn— gt

(1.124+0:17 £0.17) 1074
(1.00 +£0.18) - 10~*

(0.38 +£0.16) - 10—
(1.08 £0.17 £ 0.09) - 101
(0.90 +0.24 + 0.10) - 104
(1.29 +0.29 £ 0.19) - 105

(1.3+0.6) - 105

<3 10
<5.10"14
< 3.

(2.80 = 0.30 = 0.46) - 10~

(1.81 + 0.25 4 0.19) - 10~*
< 0.15-1014

77+ 0.21 £0.20) - 105

(1.352:8) - 10—
(1 3+08) 10~ 4

<3:10°°
<1-10-3
<25-10-3
<12-10™
(2.341.0)-103
< 7-1074
no data
no data
(2.5+0.4)-10~4
(0.855:9) - 10~
no data
< 8.7:101
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31 Conclusions

o tables below summarize our results. Table 6 gives the results on the
$-meson parameters from the mass, width and branching ratios of the main
decay modes to the rates of rare a;nd forbidden decay modes. One can see
that the accuracy of the CMD-2 measurements is comparable or in some
* cases even better than that of the world average values presented in the
1998 edition of the Review of Particle Physics [7]. In a few cases CMD-2
observed some decay mode for the first time (like 7%¢*e™) or significantly
improved the accuracy (nete™). Of special importance is the confirmation by
two independent methods of our first measurement of the rare decay mode
¢ — 1’y which makes complete a list of the magnetic dipole transitions
between vector and pseudoscalar mesons and is a milestone for the theory of
radiative decays. Our results on the electric dlpole transitions canhrm earlier
observations by SND of the deca,y modes ¢ — 797°%y and ¢ — n7ly. A large
data sample of the ¢ — 77~ events collected by CMD-2 allowed a study
of the decay dynamics from the Dalitz plot and it was shown that the pm
mechanism dominates over the direct 3w production [12].
Table 7 presents our results on the p- and w-meson parameters. It is
moteworthy that the new values of the width and particularly the mass of
' the w are significantly different from the previous world average values. A
very thorough analysis of the possible systematic uncertainties as well as
dedicated runs with the beam energy calibration increase our confidence in
these results.
Also listed in Table 7 are results obtained in the ¢-meson energy range
using the tagged kaons and 7-mesons. This is a good demonstration of the
high potential of future ¢-factories for high precision studies of the kaon
and n-meson properties. Finally, we present the cross section of the kaon
regeneration and total inelastic cross section obtained for the first time at
a very small momentum of 110 MeV/c, also relevant to CP studies at the
¢-factories.
Not shown in these tables are the results obtained on multihadronic pro-
duction above the ¢-meson - measurements of both possible channels of the
four pion production, first evidence for the fact that the interference of ww
and a,(1260)7 amplitudes is sufficient for the complete description of both
a7 7%7° and 7t 7~ 77~ channels. For the first time in this energy range
we observed both channels of the 57 production and obtained evidence for
the wrm mechanism. Observation of three pion production in the energy
range above the ¢ indicates that the p — w interference is important.
Altogether results presented in this work are a very good illustration of
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Table 7:

| CMD-2 Data PDG’
. I\TEE 782.65 % 0.09 £ 0.10 781.04 i?fm
v, MeV 8.82 + 0.18 + 0.20 8.41 + 0,09
E;E, keVio 0.63 £ 0.01 = 0.02 0.60 = 0.02
rlw = wt) (1.3 + 0.3)% (2.21 + 0.30)%
m,, MeV 775.28 % 0.61 % 0.20 760409
T,, MeV 147.7 + 1.29 + 0.40 150.5 + 1.1
Lo, keV 6.93 £ 0.11 % 0.10 6.77 + 0.32
Br(p —ete) (4.67 + 0.15) - 105 (4.49 + 0.22) - 10~
Br(p— nte ata™) & 23052 < d : 1{])‘4

Br(Ks — mev)

Br(n = ntxn™)
BT‘(?}' R 4 frﬂﬂ'ﬂ)
Jreg(BE, 110 MEV{’G)
otot(Be, 110 MeV /c)

(7.19 £ 1.35) - 104

(21.69 + 0.48 + 1.03)%
(4.89 +0.17 £ .17)%

(7.56 + 0.92 £+ 1.13) - 10-3

(3.5 %+ 2.0) - 10~

(6.70 £ 0.07) - 10~4,
recalculation from K7,
(21.16 + 0.14)%
(4.82 + 0.06)%
(49+1.1)-107%
(1315%)- 104

<3-10~* <9:10~*

<5 107 no data
(55.1 £ 5.9+ 5.0) mb no data
(680 £ 72 + 174) mb no data

jfte a.c;f?,intages that a gerne.ra,%—purpose detector operating at a high luminos-
ity collider has. Analysis is in progress to produce final results with a low

systematic uncertainty to meet the origi
| . > ginal goals of CMD-2, w
new data taking runs above the ¢-meson. it i
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