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ABSTRACT

The general purpose detector CMD-2 is taking data at the ete™ collider
VEPP-2M at Novosibirsk, with the luminosity = 5. x 10%°cm~%s"!. Data from
a2 1500nb="! of integrated luminosity around 1.02 GeV have been collected (about
1.7 x 108 of ¢’s were produced) and preliminary analyzed. We present progress on
study of ¢-meson and KsKj system:

a) the measurement of the #-meson parameters;

b) the search for the rare decays of . The new upper limits B(¢ — n/v) <
24 %107, B(¢ = ntr~ntr) < 1.0 x 107* and B(¢ — foy) < 8 x 10~* have been
obtained;

c) the study of the K, interactions in the Csl calorimeter.

d) with the help of 32,340 tagged K5 the semi-rare decay of Ks — mtm ™y
has been observed with a branching ratio of (1.82 4+ 0.49) x 10~3;

e) the selection of events with K's K coupled decays and interactions. The
regeneration cross section of the low momenta K, was found to be oB¢ = 63 + 19
mb.
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1 Introduction

As it was realized at the very early steps of the ¢-meson studies at the
colliding beam machines, Ks K, pairs ( = 34% of all ¢ decays) may be used as a new
source for observing CP and CPT violation. These suggestions, including studies of
quantum mechanical correlations, were discussed in papers '), 2 when an electron-
positron collider at Novosibirsk VEPP-2M with luminosity & 5 x 10%cm 257!, was
under construction. The coupled decays of the KsK; mesons will allow demonstra-
tion of the quantum mechanical correlations of the two particle decays (Einstein-
Podolosky-Rosen paradox) ¥

The idea of constructing a more intensive source of ¢ mesons has been
discussed by many authors ¥, %), The flux of events at these so-called " ¢-factories”,
now under constructlon 6) 7], will provide an opportunity to make new precise
measurements of a possible du'ect component in the decay of the K — ntn~, #%r°
(€'/€), as well as the observation of the CP-violating three pion decays of the K5 for
the first time. The study of the oscillations in the joint decay distributions could
give an information about real and imaginary parts of any CPT-violating amplitude.

At the VEPP-2M collider at Novosibirsk, which could be consider as a pre
¢-factory. With the CMD-2 detector we have been proceeding step by step to pre-
pare for work at the ¢-factory which is under construction here. Studies of upgraded
detectors and.accelerators are in progress, including an intermediate &~ 10% lumi-
nosity collider for investigating the idea of the round beams, an important ingredient
in the planned Novosibirsk ¢-factory project ), 9.

With the CMD-2 detector the neutral kaons from ¢ decays are under study
and the coupled KsK, decays have been observed for the first time. The attempt
to select the K — T~ stressed again problems of the semileptonic decay mode
background as well as a high level of neutral kaon nuclear interactions including a
regeneration of Ky into Ks. The opening of this kinematic region for the neutral
kaon interactions study has been an additional argument for the ¢ factories con-
struction, and we anticipate that the results obtained from the data now in hand
will be important in planning ¢-factory detectors and physics strategies.

A possible problem with a measurement of €'/¢ at the level of 1074 - 107°
would be an admixture of C=+1 into the final state, giving a component of KsKs
instead of the desired KgK. Although efficient experimental cuts can reduce the
effects of such an admixture '* Y, a component as large as 5 x 107 of a C=+1
state would give a dominating contribution to the uncertainty of €'/e at the level of
the planned ¢-factory experiments !*). The contamination from such a C-even K-K
mode has been estimated by several authors giving generally lower values * 121314
but there are no experiments confirming these results. '
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The decay of the ¢ to fy v with fy decaying to two kaons is too small to
be seen at the VEPP-2M collider and we hope to study the decay of ¢ to f v with
a subsequent decay of the fy to two charged pions '®}. The two charged pion decay
mode can be related to the two kaon decay and a limit on the C-even two kaon final
state may be found. Estimates for the branching ratio of ¢ — fyv range from a very
small to as high as 2.5 x 104  12.13.14),

The study of the fy is interesting by itself. The 20% decay probability into a
two kaon final state seems puzzlingly high incase if f; is a member of the strangeness-
0 and isospin-0 meson nonet. Various explanations for this large coupling to kaons
have been advanced 1% '3:14.16) including the idea that fy is really made of four
quarks, with a ”hidden strangeness” component: (fo = s 5(u T + d d)/V/2), or that
it may be a K-K molecule. A limit from VEPP-2M will help to distinguish between
these different possibilities.

With expected high luminosity at the ¢-factories the rare decay modes
of ¢ can be measured with high accuracy. For example, a measurement of the
B(¢ — n/y) would give an important information about quark structure of light
mesons and possible contributions from gluonium states (if any). Our new data
obtained with the present statistic already improve upper limit for this process, as
well as for ¢ = 7tn~rt7~ and ¢ = for.

The analisys of the CMD-2 data is in progress and we expect new results
in the ¢-meson study.

2 The CMD-2 Detector And Data Samplie

The CMD-2 detector has been described in more details elswhere 2 17).
The CsI barrel calorimeter with 6x6x15 cm crystal size is placed outside a 0.4 r.l.
superconducting solenoid with a 1 Tesla azimuthally symmetric magnetic field. The
endcap calorimeter is made of 2.5 x 2.5 x 15 cm BGO crystals and was not installed
for the data presented here. The drift chamber inside the solenoid has about 250 p
resolution transverse to the beam and 0.5-0.6 cm longitudinally.

The collected sample of the Bhabha events was used for the calibration
and determination of the reconstruction efficiency in the drift chamber and in the
calorimeter. A momentum resolution of 6-8% for 500 MeV /c charged particles,
and energy resolution of about 10% for gammas in the Csl calorimeter have been
obtained.

The luminosity integral collected in 1992-1993 at ¢ was mostly used for the
detector study and software development. Not all detector systems were running
properly and data peresented here are still preliminary - better detector understand-
ing and better reconstruction programms available now will give results with less
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systematic errors.
About 7.2 x 107 triggers were recorded. The total luminosity integral,
determined by selection of Bhabha events, was found to be 1500 nb~!.
' The largest part of the integrated luminosity (= 1200nb~" in the 14 energy
points around ¢ mass) have been collected during the 1993 summer runs and was
used for study of rare decay modes of ¢, coupled decays in the KsK| sytem and

nuclear interactions of neutral kaons.

3 ¢-meson parameters

The main branching ratios of the ¢ have been measured using ~ 300nb~!
of integrated luminosity, collected in 1992. It was the first time, when four major
decay modes of ¢ were measured in one experiment. The events selection and other
details may be found in paper '®. The following results were obtained:

mg = 1019.380 + 0.034 + 0.048 MeV,
[t = 4.409 % 0.086 %+ 0.020 MeV,
o(¢ — K*K~) = 1993 + 65 + 82 nb,
o(é — KsKi) = 1360 + 25 + 49 nb,
(¢ — 3r) = 656 + 24 + 30 nb ,

o(¢ = my) = 47.9 £ 3.5 £ 3.2 nb,
bu_g = (147 £ 16)° .

The first error represents the statistical uncertainty and the second one the
systematic uncertainty. The relative phase of w — ¢ mixing in three pion channel is
in a good agreement with the most precise measerement presented in ?? & = (155
+ 15)° . The experimental cross-sections of the ¢ production in the different modes,
together with fit functions are shown in Figure 1.

All the major decay modes were simultaneously measured in one experi-
ment and therefore the branching ratios can be obtained as ratios of integrals over
excitation curves independently of the width of the ¢ and the uncertainties due to
the luminosity measurements:

B(¢ > K*K~)=491£12 %,
B(¢ = KsK1) =335 £ 1.0 %,
B(¢ —3r) =162 £ 0.8 %,
B(¢ = nvy) = 1.18 £ 0.11 % .
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The electron width of the ¢ and its branching ratio to ete™ can also be

calculated independently and were found to be

[ee = 1.27 £ 0.05°keV,
B(¢ —vee) = (2.87 £ 0.09)x 104
All results are consistent with the Particle Data Group values 23,

Here we note, that in all parameters systematic errors dominate and using
all available statistic will improve these results only after systematic errors study
and better detector understanding.
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Figure 1: The excitation curves for ¢-meson in different channels.
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4 Study of ¢ — ny and Search for n/y.

The decay of & — 17y was previosly observed in neutral modes (n —
47, f = 37°) only. Detector CMD-2 gives the possibility to study ¢ — nv decay in
the channel with charged particles, when n decays into m*m~7°. So, after 7° = vy
decay, the final state consists of two charged pions and three photons. Two photons
in the final state are from 7°, the third one has the maximum energy of all three -
362 MeV at the ¢-meson peak.

We select 17y events using the information about momenta and angles from
the Drift Chamber for both charged particles and about angle from Csl calorimeter
for primary photon under suggestion that other photons are from 7%, The recon-
structed invariant mass of 3 pions My+y—r0 is the basic parameter we use to study
the decay ¢ — 7y and the distribution over it should have a peak around M, =
547.45 MeV.

The distribution over M+ »- ro for all 1993 ¢-meson data after some simple
cuts is presented in Figure 2. These distributions were used to get the numbers of
7 events for the different beam energies.

The calculated cross-section G.+e- gy With fit function is presented in
Figure 2. Using the electron width of ¢ from *) the Br(¢ — 77) was found to be:

Br(¢ = my) = (1.12 £ 0.06 £ 0.15)%
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Figure 2: The study of ¢ — nv: invariant mass M+ ,-.0; ¢ — 7y cross-section;

This result is preliminary because the work with efficiency determination
is not finished and we hope significally decrease the systematic error.
The decay ¢ — n'y was searched in the mode, when n' decays into 7+

and 7 — 7. So, both in 7y and in 'y the final state there are 2 charged particles and

N
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3 photons. The events with all these particles detected were used for the constrained

fit.
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. The scatter plot of the invariant masses for two soft photons Mj; versus
the hardest photon energy w, for the experimental data is presented in the Figure 3.
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Figure 3: The search for ¢ — 5’y (1993 data): Invariant mass Ma3 vs. w; after
constrained fit. Box shows 7y cut; Invariant mass M,; vs. ws; after constrained fit.
Dots are simulation, triangles - experiment

The decay into 7y is the basic background for n'y. Selecting 481 1y events
at this plot one can make anti-ny cut.

Using this cut the scatter plot of the invariant masses for two hardest pho-
tons Mya versus the weakest photon energy ws was studied. For 7'y events M,
should be around n mass 547.5 MeV, while w3 is monochromatic 60 MeV photon.
The Figure 3 presents the result of 1992-1993 data together with simulation of
¢ = n'y. We have 1 candidate to n'y event with 1 event as estimated background.
Using for the 90% C.L. upper limit N,., <3 and the ratio:

Br(¢—=n'y) _ Ny,  Br(nsnata=n%) Br(r®—=vy)  £ny
Br(¢—ny) ~ Nygy Br(n'=x*x=n)  Br(n=vvy) Epry’
with the efficiencies obtained from the simulation, &,, = 14.4% and

Epy = 6.4%, the following result has been obtained:

Br(¢ = n'y) < 24-1074.
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5 Search for ¢ = ntn-ntn"

A sample of 3- and 4-tracks events was used for search for the process
¢ — ntx-rtr~. In this sample tracks have to originate from the beam-beam
interaction point within 0.5 cm in r-¢ plane and have at least 9 hits in the Drift
Chamber. Total charge have to be +1 for 3-tracks events and 0 for 4-tracks events.
To suppress background from the two-particle production and cosmic rays with some
additional tracks, we reject events with at least two collinear tracks (mutual angle
of any pair should be 0.16-3.0 rad in r-¢ plane).

Even with these selection criteria we have a high background from the
main channels of ¢ decaing into 3-tracks events. So, in the search for the process
é — ntr~ntr~ only 4-tracks events were used. The ratio of 3- and 4-tracks events
at the energy points outside ¢-meson region were used (along with simulation) for
evaluation of a detection efficiency which was found to be 0.033+0.012.

The scatter plot E, vs.Pi for the selected 4-tracks events is shown on

the Figure 4a.
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Figure 4: The search for ¢ — nta~ntn™ : Eivs. P for 4 - track candidates;

cross-section ete” = ntr atr.

Here P, is the magnitude of the total momentum of 4 charged particles and Ey, is
their total energy, assuming that all particles are pions. To extract number of events
of the process ete™ — mtm~m+m~ we apply a simple cut, shown on the Figure 4 by
box.

The cross-section vs. energy for the process ete™ — 7+t~ n*r~ is shown
on the Figure 4. Only statistical errors are shown. A 4-parameters function which
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contains linear background, amplitude and phase of the process ¢ — ntr—ntn~
was used for the fitting . Result of the fit is shown on the plot by a smooth line.
Using this fit and the uncertanty in the efficiency, one can get

Br(¢ = mta~ntn~) < 1.-107* for C.L.=90%.

This preliminary result is about 9 times lower then present upper limit
for this process ). We plan to perform more simulation to improve both effi-
ciency evaluation and data selection. Also we plan to evaluate and apply radiative
corrections which are an order of 5%.

6 Search for ¢ — foy

In order to extract the resonant contribution associated with the ¢, two
sets of data were used. Energy points at E.,. from 1016 to 1023.2 MeV with
integrated luminosity 660nb="! were used for the ¢ region, and points at E_,,, = 996,
1013, 1026, 1030, 1040 MeV with integrated luminosity 440nb™! were used for a
background estimation (the "non-¢” region). The event candidates were selected by
a requirement of only two charged tracks and only one photon with energy greater
than 20 MeV in the detector. Total energy deposition was required to be less than
600 MeV, average momentum of two charged tracks to be higher than 240 MeV and
the radial distance of the found vertex from the interaction region less than 0.15 em.
These cuts removed Bhabha events and charged and neutral kaons from ¢ decays.
The requirement that the Z-coordinate of the vertex be within 10 cm at the detector
center reduces cosmic ray background by a factorof two.

Each charged track required to have a corresponding cluster in the calorime-
ter. This requirement reduced the number of pions by about 14%, but avoided
nuclear interactions of the pions before the calorimeter with clusters in the wrong
place. However split clusters may still be presented.

The main visible background for the studied process is ¢ — 7+m~7° decay,
when one of the photons from 7° escapes detection. To reduce this background a
constrained fit was used. This fit required total energy and momentum conservation
within detector resolutions for the three body decay. For x?/d.f. less than 3 only
events with these requirements survived. But a three pion background was still
presented, when one of the gammas from the 7° had a very low energy and the
event looked like a three body decay. Figure 5 shows the spectrum of the single
gammas and the squared missing mass of two charged tracks (taken as pions) vs.
detected gamma energy.

In the "¢ region” data set a broad peak at 200-300 MeV in gamma spec-
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trum, also seen as a broad distribution on the scatter plot at M%, represents back-
ground from the three pion decays. Points concentrated at zero mass and low energy
represent events with one gamma. To reduce the three pion and collinear events
background, the cuts -15000 < M2, < 15000, E, < 140 MeV and A¢ > 0.03 rad.

were applied. The sample of events, selected with above cuts, still contained about
30% of ete~ — utu~ 7y events.

N
w
o

2 ~
s $
> —~
..L:' 200 o
9 b
o ™~
7}
2 >
£ 150 g
- ~
4
100
50
0 U sty VO | ap ang g ] ey
o} 200 400
MeV

Figure 5: Search for ¢ — foy: Single gamma spectra. The shaded histogram
represents the "not ¢" region; The squared missing mass vs. photon energy.

The visible cross section of the processes ete™ — ptpu~y + 7tn~y versus
energy is presented in Figure 6a. With the cuts listed above the detection efficiency
of these processes, obtained by simulation, was found to be 0.17, leaving 1.7 nb of the
visible cross section. The observed 20% difference from average experimental cross
section is due to the losses of the the low energy gammas, not correctly described
by a simulation. A line shows a theoretical prediction of the cross section including
influence of  into photon propagator (vacuum polarization) and fo production,
according to Achasov four quark model. The total branching ratio of ¢ = ntn™y
could be extracted from this interference picture.

The signal from the decay of the ¢ — foy should be seen as a 30-40
MeV width structure at 45 MeV in the difference gamma spectra from "¢” region
and "non-¢” region shown in Figure 6b together with the theoretical prediction
calculated by Achasov model for the four quark state. With the present statistic
only upper limit can be set.

Taking into account the effective number of ¢’s 1.1 x 108 and all inefficien-

cies described above, the upper limit was found to be

B(¢ — foy) <8.0 x 1074 at C.L. = 90%.
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Figure 6: ¢ — foy search: a. Visible cross section for ete™ — n¥a~y + ptpu~vy
events; b. Normalized difference in photon spectra. A line is a prediction of the four
quark model with distructive interference and B(¢ — foy) = 2.5 x 107%.

7 The K. nuclear interaction as a tag for K rare decay study

K|, candidates are selected by looking at calorimeter clusters opposite a
2-track vertex with an effective mass consistent with that of the kaon. Figure 7a
shows the space angle between the predicted missing momentum direction of K,
and the cluster in the calorimeter. Figure 7b shows the energy deposition of the
presumed K7, Figure 7c shows the number of hit crystals, and Figure 7d shows
the probability for a A to interact, corrected to interaction in the surrounding
materials. The clusters from K are very broad and in 25 % cases are splitting to
2-4. Simulated distributions are shown shaded. Comparison of the data with the
GEANT (with GHEISHA package) simulation shows definite disagreement. The
difference is due to compleately incorrect cross sections for the low energy kaons,
used by GHEISHA package.

Once the properties of the K clusters are understood, one can use the K
cluster as a "tag” for Kg decays. Figures 8a shows the invariant mass distributions
for the events with two charged tracks opposite to K clusters.

The constrained fit applied to the decay Ks — ntr~ extracted 32340
events and they were used for a normalization. The rest is shown in Figure 8a by
shaded histogramm. In order to search for the 7*7~y mode, the sample of events
with an acollinearity angle less than 2.4 radians, M;,, < 450MeV/c?, and E., > 50
MeV is taken.
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Figure 7: K|, interactions (dashed hists for simulation): a. Space angle between
calorimeter cluster and P,,; b. Energy deposition of K|, clusters; c. Number of hit
crystals (dashed hists for simulation; d. Probability of Ky interactions in Csl.

Figure 8b shows the missing mass distribution for the two-track vertex, taking the
Ks direction from the observed cluster, and the K's momentum from the known
center of mass energy, and assuming ¢ — KsKp. The 34.5 £ 8.0 events at zero mass,
corresponding to the decay Ks — m*m~y were found after fitting and background
subtraction. The simulated ratio of the acceptances for Ks — rtr~ and Ks —
m+m~v was found to be 2.4940.30, giving a branching ratio Br(Ks — rtrTy) =
(1.82 £0.49) x 1073.
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Figure 8: Ks — w*m~y search: a. Invariant mass for vertecies oposite clusters;
Events without Ks decaing to two pions are shown shaded; b. Missing mass in the
frame of Ks. Events with real gamma found are shown shaded

8 The KsK| coupled decays study

The event candidates were selected from a sample in which two vertices,
each of two opposite charged tracks, were seen. The example of this kind of events
is shown in Figure 9.

Figure 10a,b show the invariant mass scatterplots of the two charged tracks,
assuming that they are pions, vs. missing momentum for the closest to the beam
vertex and to the other one. The concentration corresponding to Ks’s dominates
in the plot 10a and seen in 10b. A two dimensional cuts 470 < M;,, < 525 and
90 < Ppis < 130 with additional requirement to have another reconstructed vertex
in the P, direction within detector resolution, select Kg’s in any of the vertex,
remaining K’s in the other. Figure 10c,d show a characteristic M;,, and P,
broad distributions, expected from the main 3-body K, decays in good agreement
with the simulation.

Figure 11a shows the distance from the point of origin to the decay point
for selected Ks's. The exponential lifelength is seen with correct value 0.5840.03
cm with vertex position resolution 0.23 cm.

Figure 11b shows the vertex radius for the K decays. A loss of efficiency
for these events is seen, since the K events should be approximately flat in this
spatial region corresponding to the very early part of the K, lifetime. A significant
peak with 59+16 events is also seen and is interpreted as the nuclear interactions of
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K at the 0.077 cm Be vacuum beam pipe.

Figure 9: ¢ & KK event with coupled decay.

The histogram in Figure 11d shows the events consistent with the two
pion decay at the K vertices, when additional cut in M;,, was applied. With
our resolution the suppression of the semileptonic K decays by a factor of 20 was
expected, and these events dominated at all radii (only 2 CP violating K decays
were expected with present sample), except beampipe, where 28+6 extra events
survived. We interprete these events as regeneration of K, into K.

The rest of the peak events may be explained by £ and A production,
when two pions are detected and recoil nucleon is unseen. With the applied M;,,
cut about 10% of these events may be interpreted as pur® two pions decay and
should be extracted from the candidates for regenerated events.

Figure 11c shows the projected angle difference between the missing mo-
mentum derection and a line, connected K, vertex with the beam position, for the
events concentrated around the beam pipe. Dots with errors show expected dis-
tribution for semileptonic decays of K, normalized for expected number of these
events. A peak at zero angle is seen, supporting expectation about regeneration of
Ky into Ks.

_ Taking into account 10% corrections for DC mylar window and 10% from
nuclear interaction processes background, the regeneration cross section is found
to be e8¢ = 63 +£ 19 mb. A visible nuclear interaction cross section (excluding

reg

regeneration) is found to be ¢2¢, = 60 £ 18 mb.
The obtained regeneration cross section is in agreement with the calcula-
tions, performed in Frascati % that gave a value 40 mb for 114 MeV /c long lived

kaons.
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Figure 10: KsKj, coupled decays study: Invariant mass vs. missing momentum for
l-st (a) and 2-nd (b) vertex; c. Invariant mass for Ky and K (shaded) after K
selection; d. Missing momentum for K, and Ks (shaded) after K5 selection;

For the total nuclear interaction cross section of neutral kaons one can ob-
tain a value 549+165 mbn, taking into account the ratio 0.21 of hyperon production
to all other inelastic processes ) and 0.52 as ratio of inelastic to elastic cross section
) It is also in good agreement with experimental data for higher momenta and

calculation, done in **.
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9 Conclusion

The next stage in this work is to process the data with the improved
detector resolution and to use all available particle identification information (drift
chamber amplitudes, calorimeter energy deposition, and muon detector hits). The
detector reconstructioh efficiency is under intensive study and will reduce systematic
errors in all results presented in this paper. Some other rare decay processes of ¢
are under study.

The presence of a regeneration and nuclear interaction background for the
CP-violating decays of K will pose an additional background for ¢ factory studies
and should be under carefull study.
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Figure 11: KsKj, coupled decays study: a. Decay length for Kgs; b. Decay radius
for Kis; c. Difference in angle of P, and vertex-beam line. d. Decay radius for
K s after Mi,, cut; Crosses are from K, semileptonic decays.
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The data taking at ¢ is also planed with at least 10 times more inte-
grated luminosity before reconstruction of VEPP-2M for round beam operation,
what promises additional factor of 10 in data sample.
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REVIEW OF RADIATIVE DECAYS STUDY

V.N.Ivanchenko
Budker Institute of Nuclear Physics, 630090, Novosibirsk, Russia

ABSTRACT
Review of experimental studying on radiative decays of light vector
mesons is presented. Analisys of magnetic dipole transitions in frame-
work of the constituent quark model is performed.

1 - Introduction

Radiative decays of particles are an important source of information about their
structure. The most accurate data on the radiative decays of p,w,¢ in ete™ pro-
duction were obtained in experiments with the Neutral Detector (ND) at the e7e™
collider VEPP-2M and was described in detail in the review ). Now a real possibil-
ity appeared to improve accuracy of radiative decays widths in e*e” experiments.
After a reconstruction of the VEPP-2M ?) collider in Novosibirsk several runs with
the CMD?2 detector ¥ have been performed and a new SND detector ) at VEPP-
2M has started his first run as well. Moreover, the projects of ¢-factory DASNE in
Frascati and ¢-factory in Novosibirsk are in progress. Thus in this work the expen-
mental status of the radiative decays of light vector mesons and models predictions
are discussed from point of view of future experimental program.

2 - Experimental status

After the ND experiment only at this workshop new eTe~ data from the CMD2
detector at VEPP-2M was reported ®). Radiative decays of w were studied for many
years in pion production experiments ® 78 in the reaction #"p — wn. The widths
of decays p~ — 777, K'* — K*v, K — K% and some other decays were
measured using a Primakoff production in hadron-nuclei inelastic scattering ®. Also
one photoproduction experiment was performed ®).
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Table 1: Experimental data on radiative decays of vector mesons to 7.

| Decay | Experiment | (keV) |
p° — w0y ND Y 120+30
w— w0y 74650
¢ — 70 5.5+0.6
pE — wty PDG ® 68+7
w — w0y 717=42
¢ — 70y 5.5+0.6

21 pw,¢—xy
Decays of vector mesons into 7%y were studied by ND ! in the reaction

ete” — 7% — 3y (1)
In this process the recoil photon is monochromatic that enables selection of this
reaction. The main background processes are

e~ — 3y (QED), (2)

et

ete — ¢ — KsK — neutrals. (3)

The process (3) was excluded using selection cryteria for 3y events. The back-
ground from the reaction (2) was calculated and substracted. After that radiative
corrections and acceptance corrections were applied. Obtained cross section of the
process (1) is shown in fig.1. It was fitted using the vector dominace model (VDM)
approximation:

41ra
ac"‘e—-Pﬁ( 53/2

v V=pwé, s=4E% V=puw4g,

ZAV

mve”“’ VIV et ()T py(s) "
AV = 2 - ’ P=n 1 (4)
m} — s —iy/sTy(s)

where w is photon energy, &y is the relative phase shift, §, = 0. As a result of the fit
two different independent solutions were found according constructive and destruc-
tive interference of p and w resonances. The ND data itself doesn’t allow to choice
one of them but taken into account the results of the Primakoff production experi-
ments ®), in which the process p* — 7%+ was studied, the solution corresponding to
destructive interference is excluded on a level of 4 standard deviations. The results
and PDG summary are presented in tab.l. One can see that in a e*e~ experiment
obtained width I'(V — Pv) depends on values of my, 'y, and ['(V — e*e~). Thus
to improve accuracy of radiative decay widths these parameters are to be measured
with higher accuracy. In this point e*e~ experiments have real advantage to other
type of experiments because beam energy resolution at e*e~ mashines are much
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Table 2: Experimental data on radiative decays of vector mesons to 7.

| Decay | Experiment | T'(keV) |

Y — ND V 62+17
w—ny 6.1£2.5
¢ — 0y 55=x3

w—7ny | GAM27 7.0£1.8
¢—ny | CMD29 5415

¢ —ny 50£7
P =Ny PDG ® 57+11
w — Ny 7.0£1.8
¢ — 0y 56.7+2.7

higher than the widths of resonances. At a ¢-factory an experimental accuracy in
radiative decay widths will be determined both by quality of detectors and by the-
oretical uncertainty. It is obvious that the model description (4) is to be improved
‘because in it the unitarity is broken. New ways for description of wide resonances
are considered. N. N. Achasov and his collaborators have been developing field-
theory-inspired approach !°). M. Benayoun and his collaborators take into account
triangle anomalies !'Y) and include s-dependence of coupling constants. In both cases
parameters of resonances are changed significally, branching ratios are less sensitive
to model modifications. But additional efforts in this field are necessary.

22 pw,d—7y
In e*e™ experiments decays of vector mesons into 77y were studied in the following
reactions:
ete” — 9y — 3y, (3)
ete™ — ny — 3x%, (6)
ete” = gy — n¥r 20y (7)

High statistic was collected in the ND experiment !) for the process (5) in the energy
region of ¢ and the reaction (6) was used for independent conrol. At the energy
region 2E < 1 Gel/ the reaction (6) was main because of high background for the
process (5) from the processes (1) and (2). Cross section of ny production is shown
in fig.2. Substraction of backgraund were performed. Radiative corrections, the
acceptance, and the branching ratios of n decays were taken into account. It is
clear from fig.2 that for the 7+ production in energy region of ¢ interference is much
smaller than that for the 7%y production. The data were fitted using the VDM
approximation (4). As in case of 7%, two different independent solutions were
found according constructive and destructive interference of p and w resonances.
Using the data of the GAMS-2000 spectrometer ) the solution corresponding to
destructive interference is excluded on a level of 5 standard deviations. Results are
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Figure 1: Cross section of the process e*e~ — n%y: a) energy region of p and w
mesons; b) energy region of ¢ meson; line - the best fit.
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Table 3: The data and theory predictions on rare radiative decays of vector mesons.

[ Decay | Experiment | Branching ratio
PP — wtEy ND Y {(0.99 £ 0.16)%
w — n0r0y <4-10"*
¢ — 70ny <25-10°3
& — ao(980)y J <5.10°*
¢ — 7%r%y < 1073
& — fo(975}y | <2107
w — wOr0y GAMS-2000 ") | (7.2+26)-10"°
6 — fo(975)y CMD2 %) <8-107*
] Decay Theory | Branching ratio |
w — 7070y VDM U ; 8-10-5 ]
® — pr — wony VDM ' T 08-107% |
¢ — ao(980)y — 7Oy 4q 1) fo2.1074
qq ¥ 2.4-10°%
KK molecula '8 24.10°°
¢ — pw — wTY VDM %) 3.10°%
¢ — fo(9T5)y — mry 4q ¥ 2.5-10°*
qq '¥ 5.10°%
KK molecula ®) | 5-107°
glueball 1®) 0

presented in tab.2. Note that in the CMD2 experiment *) the alternate reaction (7)
was stadied. Two independent runs were performed with CMD?2 and the results of
two independent analisys are presented in tab.2.

23 pw, ¢ — mry, iy

Cross section of the process ete™ — wr® — x%r% dominanted for the x%r% pro-
duction in the energy region below 1.5 GeV. In the ND experiment !) the sample of
these events is quite clean and there is a good coincidence of the ND data and the
data of the DM2 experiment !2). The CVC calculation ** shows that the ARGUS
data on correspondining 7 decay '*) are in agreement with e*e~ data as well. The
shape of this cross section can be described via VDM sum of amplitudes of the p res-
onace and its radial exitations p(1470) and p(1700). As a result of the fit following
value of the coupling constant was found:

Jowr = 145204 = 0.5, (8)

which is in an agreement with that obtained from the width of the w resonance.
Branching ratio of the p decay into wn® was not presented as a ND result because in
the p pole this reaction is far below energy threshold and coupling constant is more
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adequate value for description of this process. Opposit situation is in 7 +x v produc-
tion. Radiative decay of p meson dominates in the pole and the value of branching
ratib are in agreement with the electromagnetic mecanism of the decay *). Another
mechanisms of T+ production were not seen until new GAMS-2000 experiment &
was performed in which the decay mode w — 7#%7%y was observed. These data and
upper limits on another decay modes are shown in tab.3. In tab.3 different model
predictions for rare radiative decays of light vector mesons are presented as well.
The decay modes

¢ — wwy, 1r°rr7 (9)
can be realized by two different mechnisms. First one connects with pr intermediate
state and magnetic dipole transition of p, so it may be described by the VDM. Second
is an electric dipole transition V' — Sv, where S is scalar state. The processes (9)
provide studying of scalars ao(980) and f5(975). Structure of these mesons are not
clear yet and one of the first tusks for VEPP-2M and DA®NE is to put light on
it. In the ND experiment !) the backgraund from reactions (3) and (6) did not
allow to extract decays (9) of any types. Buy the way, some sygnal was seen in the
7°77 channel on level of 2 standart deviations and preliminary results of the CMD2
experiment %) show some evidence for the decay mode ¢ — f5(975) — a¥x~7 as
well, but just now only upper limits can be established (tab.3).

3 - Analysis of magnetic dipole transitions

There are a lot of theoretical investigations on magnetic dipole transitions V' — P~y
and P — Vv in mesons consisted of u, d, s quarks 17 18 and it is well known that

the widths may be expressed as
4
F(V — P“{) = gwws,\/fvp, F(P - 4 V‘)‘) = 471'(-:1an(;, (10)

where w is photon energy, Myp is transition matrix element, which can be written
in terms of the magnetic moments of the constituent quarks

MVP=IVPZ BeHey g9=1u,d;s. (11)
q

Here Ivp is overlapintegral of the spatial wave functions of the initial and final states,
B, is a weight factors which can be expressed through the mixing angles ap and av
between basis states s5 and (u@i + dd)/+/2 in the vector and pseudoscalar octets 1),
If one assumes that in all decays under study the overlap integrals are equal, then
there are 6 parameters of the model. Three of them are magnetic moments of the
constituent quarks, which are well known ® from the magnetic moments of proton,
neutron and A baryon

pu = 1.852, pg=-0972, p,=-0613=0.004 (12)

Since one can suppose some difference between the magnetic moments of s quark
in baryons and in mesons the data on decays V — Py and P — V' were fitted
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with free parameters y,, ap, av, Ivp (tab.4A). This fit confirms that the magnetic
moment of s quark in miesons differs from (12), the value of mixing angle ap is
close to the prediction of the linear mass formula, and the value of av is in a good
agreement with the quadratic mass formula prediction. On the other hand, within
VDM, two-photon widths of the pseudoscalar mesons can be expressed via matrix
elements of radiative decays

2

3
3mp

T(V —ete)
da Z

v my

, V=pwe. (13)

D(P =)= - Myp

Comparison of the results of such calculation (tab.4A) with the data shows coinci-
dence for the widths of 7°, 7' — 77 and disagreement for the I'(n — vv). The fit
over all data yields value of x*/np = 46/9 (tab.4B). Possible improvements of the
theory are discussed for many years 18) There are arguments for taking into account
contribution of a glueball state into 7’ meson. [n attempt to check such hypothesis
the data were fitted with two additional parameters. First one was the quark-gluon
mixture angle ag. Second was amplitude of ' transition into ¥y via gluonium Mg,
which was added to the sum of amplitudes in the relation (13). x? of this fit (tab.4C)
is also poor, but this result is very interesting because we obtained the value of g,
close to (12) and the value of ap close to the quadratic mass formula prediction.
Therefore the special fit was performed with fixed values g, from (12), ap from
quadratic mass formula, and Ivp from the value of [(w — 7°7), which has small
systematic uncertainty. The results of this calculation show (tab.4D) that practical-
ly for all decays there is good agreement between the data and model predictions.
The gluonium contents in 7’ meson is (20 £ 5)%.

4 - Discussion

Thus simple phenomenological model including quark-gluon mixing can describe the
main part of the data on magnetic dipole transitions, but all balk of data cannot be
described simultaneously. Let us discuss the results from tab.4 taking into account
future experiments in Novosibirsk and Frascati.

First of all one should mention that fitted value of I(w — 77) depends on
the model. Accuracy of this width can be increased up to 1% in the new generation
of ete™ experiments. It will be limited by experimental systematic errors and by
theoretical uncertainty in description of the interference of p, w, and ¢.

Statistic for the decays w,p — 77 is now very poor and obviously will be
increased in new ete~ experiments, that will allow to have statistical errors for the
decay widths about 10%. For such level of statistics the theoretical uncertainty will
be small.

Estimated accuracy for the decay width ¢ — 77 and ¢ — 7% in the new
ete~ experiments can be improved to (1 = 3)%. For this aim studying of all decay
modes of 1 in one experiment will be dsefull. Energy resolutionin e*e” experiments

566



V.N. Ivanchenko

is much higher than the total width of ¢, that allows to perform accurate extraction
of inputs of p and w amplitude at ¢ energy range and to control the resonance shape.

It should be noted that the widths I'(K"* — K*v) and (K" — KO%)
depend only on quarks magnetic moments and overlap integrals and do not depend
on mixture angles. Both this widths were measured only in Primakoff production ex-
periments with low energy kaon beams. It seems that new independent experiments
will be a good cross checking of the existing data and theoretical predictions.

The calculated value I'(¢ — n'y) is very sensitive to model assumptions and
varies from 0.1 keV to 0.5 kel/. But at the same time this decay is the most difficult
for studying. Only upper limit on its width was placed in the ND experiment V). At
this conference new upper limit was reported by CMD2 collaboration ¥

I'(¢ = n'y) <1 keV, (14)

and for observation of the decay additional statistic is requiered.

I'(n — vv) was obtained at colliders in two-photon production and also
from Primakoff production at hadron beams. If only two-photon measurements are
used for the PDG fit, then the average value is I'(n — vv) = (0.510 % 0.026) ),
which is closer to the calculated value in tab.4D.

The value of ay is in a good agreement with the quadratic mass formula
prediction. The value of ap depends on the model and set of new experiments to -
study radiative decays with 7 and 7’ can provide localization of the ap.

5 - Conclusion

o New generation of ete™ experiments have a good perspective for radiative
decays study. For these experiments additional theoretical investigations both
on the radiative decays and on processes of the production of several wide
resonaces in e*e~ annihilation are necessary.

¢ Simple constituent quark model cannot describe all data on radiative widths
of mesons consisted of u, d, s quarks. If one takes into account 20% admixture
of gluonium into 7’ meson, then it is possible to describe main part of the data
using the quadratic mass formula for mixture angles both for the vector and
for the pseudoscalar octets. Widths of the decays K** — K*y and n — v+
are in contradiction with such model. :

o Width of the decay ¢ — 7'y is very sensitive to model predictions.

Electric dipole transitions will be extracted from decays into w7y and 75y if
corresponding branching ratios are about 10™* — 10-%. Decays of ¢ into these
final states provide search on four quark states or kaonium contributions into
ao(980) and f3(975) mesons.
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Table 4: The data on radiative decays and fitting results.

Decay PDG, T'(keV) Fitting results, ['(keV)
A ; B ; C D
p— Ty 68+8 60 36 59 66
w — Ty T17x42 652 611 648 717
¢ — Ty 5.5x0.6 5.8 5.5 5.6 5.8
p— N7 57+11 54 44 40 45
w — 77 7.0£1.8 5.3 4.2 38 4.3
¢ — 0y 57=3 57 59 61 64
K0 — K% 11610 131 116 114 124
K% = K*+ 305 53 56 66 75
7 — py 59+6 59 71 60 61
7 — wy 5.9+0.8 6.1 6.9 5.6 5.6
¢ — 'y < 1.7 0.45 0.31 0.15 0.15
70— vy (7.5=0.3) - 1073 6.8:1073 6.4-1073 6.7-107* 7.5-1073
7 — 1 0.460.04 0.78 0.60 0.53 0.60
7 — 7y 4.3£0.5 4.5 4.9 4.3 4.3
B ~0.613=0.004 | -0.74+0.03 | -0.69+0.02 | -0.63%0.02 -0.613
ap (deg.) -55+2 -50+2 -45+2 -45
ay (deg.) 3552020 | 3.640.2 | 3.5+0.2 | 3.4=0.2
ag 35+4 38+3
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Measurement of the ete~ — n*7r~ Cross Section in the Energy Range
between p and ® Mesons

G.V.FEDOTOVICH"
Budker Institute of Nuclear Physics, Novosibirsk, 630090, Russia

ABSTRACT

The general purpose CMD-2 detector at the VEPP-2M collider in Novosibirsk has
collected the luminosity integral of ~ 300 nb™! in the energy range between p and ®
mesons. High accuracy measurements of the e*e™ annihilation cross section in this
energy region are required for the muon g-2 experiment at Brookhaven. The data
are also important to interpret the fundamental Standard Model parameters known
with high accuracy. Preliminary results of data analysis are presented.

1 - Introduction

The data on the cross section ete™ — nm*n~ in the energy range between p and
mesons were obtained with the CMD-2 detector % at the VEPP-2M collider ) at
Budker Institute of Nuclear Physics in Novosibirsk. The data from the low energy
region up to 1400 MeV (maximum energy provided by VEPP-2M) are important
both for the search of rare decays of the light vector mesons and for the calculation
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of the dispersion integral that relates the cross section of e*e™ annihilation into
hadrons to the value of the hadronic vacuum polarization. This value plays on
important role in the interpretation of the fundamental Standard Model parameters
and the evaluation of the anomalous magnetic moment of the muon **, which will
be measured in the E821 experiment at BNL with an extremely high precision of
0.35 ppm. To evaluate the contribution of the hadronic vacuum polarization to the
muon g-2 with the same accuracy a systematic error in hadronic cross section should
be less than 0.5%, because the value of the total hadronic contribution is equal to
72 +1.6 ppm ®). The main part of this contribution comes from the energy range
which is provided by the VEPP-2M collider.

2 - Data Analysis

The data discussed in this talk were obtained by scanning the energy region between
¢ and p mesons with 10 MeV step. About 10° of pion pairs were sampled at every
point. The main part of the luminosity integral ~ 300 nb~! was collected during
1994 runs. Using the resonance depolarization technique ™, the beam energy at each
point was measured with the accuracy of 107*. The detector trigger is described in
8). Events were recorded when:

* at least one track in the Drift Chamber was found by the

tracking processor ¥

* the energy deposition in the Csl calorimeter was greater than 20 MeV.

About 20 million events were written on the magnetic tape. For off-line
analysis only collinear two track events were selected. The cuts used for this selection
are marked by arrows in Fig.1. Events were used in a maximum likelihood function
fit with the following global optimization parameters:

* number of electrons N,

* number of background events N,

* N_,‘%ﬁ:’ where N, - number of pions and N, - number of muons.

The ratio N, /N, was fixed from the QED. The likelihood fit used informa-
tion on the polar angle, longitudinal coordinate of the vertex and energies deposited
in the Csl calorimeter. As it is seen from Fig.2 the experimental data are in a good

agreement with the fit.
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Figure 1: Two track events distributions and cuts imposed to select collinear events.

The ratio N—:_“N— allows to express ete™ — w7~ cross section in a simple
“

way:
N, €0.(1+6.) + €,0,(1 4 6,)

“N.+N, e+ Bg) '

where €., e, dey €4y Ouy Oy €xy O, O are detection efficiencies, cross sections and

Or

radiative corrections for electrons, muons and pions respectively. Pion formfactor
values are presented in Fig.3 along with the results of the previous experiments.
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Figure 2: The comparison of the experimental data with a fit.

The statistical error of the 77~ cross section at each energy point is better
than 3%. At present the total systematic error is estimated to be ~ 1.5%. The main
part of this error comes from the detector solid angle uncertainty ~ 1% and from the
calculation of the radiative corrections for Bhabha events 10) which are known with
accuracy ~ 1%. Radiative corrections for all other channels of the e*e~ annihilation
:hto hadrons and muons were calculated with the accuracy about 0.2 - 0.5% "'
which is sufficient for the purposes of the experiment. As an example, we describe
very briefly the main idea and approach to calculation of the radiative corrections

for the channel efe™ = mt7~ in Appendix.
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Figure 3: The experimental data for |Fy|*.

The further improvement of the Drift Chamber parameters and more ac-
curate calculations of the radiative corrections for Bhabha scattering events would
decrease the systematic error to the level of 0.5%.

This work is supported-in part by the US Department of Energy, US Na-
tional Science Foundation and the International Science Foundation under the grant
RPT000.
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3 —Appendix

Our technique for the calculation of the radiative corrections is based primarily on

two works

12)| The first one gives an accuracy about 0.2% but the cross section
is integrated over all final particles kinematics except for the total energy loss and
furthermore is valid only for comparatively small energy losses (under 10% of the
beam energy). The second one is less accurate (about 0.5% ) and assumes that
only one photon is emitted but it gives the angle distributions for the final particles,
which is important when any selection criteria are applied to the events.

Our procedure for the calculation of the radiative corrections is combined
both approaches in the following way: photons with the energy less than AE are
simulated according to '" while photons with the energy greater than AE are
simulated according to '?. The quantity AFE is a free parameter and its selection
will be discussed later. In order to get a smooth and continuous distributions over
final particles kinematics, energy loss for a region under AE was assigned to a
"hypothetical” single photon having the same angular distributions as follows from
12). The dependence of the radiative corrections for the channel e*e~ — 7+r~ on
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the value of AF is shown in Fig.4 under selection criteria (mentioned above in the
talk) for the collinear events.
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=
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Figure 4: The dependence of the radiative corrections on AE for the energy 952
MeV.

One can see that in a wide region of the AE values the total cross section does not
depend on AE with the accuracy of about 0.2 — 0.3%.

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

* AE should not exceed the validity region of !

* AFE should be large enough for the approach of the single

photon to be applicable

* it is desirable to have AFE as large as possible to use the
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better accuracy of 'V

* for large energy losses causing the events rejecting by the selection criteria

an approach '? should be used to take proper account of the final

particles kinematic.

Thus the reasonable values of AE are limited on both sides and should
be somewhere from 20 to 50 MeV depending on the beam energy and the selection
criteria of the collinear events.

The expression for the calculation of the radiative corrections for the chan-
nel ete~ — wtr~ is briefly described below. Calculations of the radiative corrections
for the other channels were done in a similar way.

The cross section used for the calculation of the radiative corrections can
be expressed as follow:

do,(S) _ Adan(sn)_ F(S,z,)

. ) ds -1(S)P

dz.,+

X.’mu:

1 2
2a doo(S1)| Fx(S1) |"R(S,2-,2,2,)
b | St [ foe 2022 =30 | T s
where doo(S) 5
) _ & a3 _ 72
0~ agPr 1—2- )

- is the Born cross section,

1
z(1 - 2,)((1 - L) + 18]

fen(zq) =

- is a function used for the simulation of the photon energy,

1 1
fnny(zv) = 1— .832212[1 == 1+ 'Tez(]- — Z‘YZ)]

- is a function used for the simulation of the polar angle of the photon emitted by
the initial particles,
|Fr(S)|* - is the pion formfactor squared,

2
F,BW(S)| - is the pion formfactor squared in the simplest Breit-Wigner form,
11, 13)

II(S) - is the vacuum polarization due to leptons and hadrons

F(S,z,) - is the structure function ',

1 ) 1 1 o i
1 - (S Br’(1=2-%) "2 = z4(1 - cos(®)/B-)

R(S, 2,2, 2y) = ]- M.
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The expression in the squared brackets is connected with the phase space
of the final particles. |M|® is the dimensionless square of the matrix element for
ete~ — mtn~ process from which the main peculiarities ( fen(2+) and fang(Z,)) are

factored out.

1 ]_Rl+32

M=l
MF =11+ - bk

e2(1 - Z‘Yz)

where 2

Ry = ((2— 22)* + 2,72, 7)(B% — 22) = (1 = 2)[(24 — 2 + (248124 —2-B-Z-)}

and
1
Rp=——m———[41 -z 2z )= (2 (2, + B+ 24)—2_(Z 2
2 1+'¥¢2(1—Z-72)[( ‘F)(ﬂ ‘7) ( +( sl IB+ +) ( ‘T+f’3 ))1
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Figure 5: The distributions of the final state particles for the energy 952 MeV.
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The following designations were used in the previous expressions: Ty, I,
z., - energies of the final pions and photon divided by Ej..m respectively; Z_, Z,, Z,
- their polar angles cosines; 34, 3- - velocities of pions; S = 4E%eam; S1=5(1-7,);
A = AE/Eseam: Ye = Eseam/me; Be = Pe/ Eveami Bx = Pr/Epeami Eseam - energy of
the electron (positron); P. - their momenta; m. and m, are the electron and pion

masses.

1 1.5 2 15 3
Photon polar angle (rad)

350

00 |

250

w0 [

150 F

100 |

50 E

“.-.l...\.;.lx.xlnu,luu.i...L...l..-I.l

0 2 4 6 8 10 12 14 16 18 20
Photon polar angle (mrad)

Figure 6: The photons distributions on the polar angle.

The |M|? is a smooth function that provides a high efficiency of the simula-
tion. For the photons with the energies less than AE the efficiency is about 70-80%
depending on the c.m.s. energy. For the photons with the energies more than AE
the efficiency varies from 10 to 60% depending on the c.m.s. energy, reaction channel

and selection criteria.
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According to expressions described above 50000 events of the efe™ —
mtr~+ process were simulated at the center of mass energy 952 MeV. Some of
the distributions for the final state particles are shown in Fig.5-6. No selection
criteria were used except that one of the charged particles should has the angles
inside of the solid angle CMD-2 detector. On the first histogram of Fig.5 the energy
spectrum of the emitted photons is represented. There is a bump near 160 MeV
that corresponds to the dumping to p meson resonance. On the second histogram
the polar acollinearity between two pions is shown. There are two symmetric bumps
around the central peak that also correspond to the dumping to the resonance. On
the third histogram the acollinearity between two pions in the azimuthal plane is
shown. On the last histogram the momentum spectrum of pions is represented. The
long tail can be explained by the emitted hard photons and by the dumping to the
resonance. In Fig.6 two distributions over polar angles of the emitted photons are
represented. The last one shows a small polar angles region in more details.
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