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Abstract

Radiative decays of the ¢ meson have been studied using a data
sample of about 20 million ¢ decays collected by the CMD-2 detector
at VEPP-2M collider in Novosibirsk. From selected ete™ — %70y
and eTe™ — nn’y events the following model independent results have
been obtained:

Br¢ — w°n%) = (0.92 £ 0.08 £ 0.06) x 10~* for M, 0.0 > 700 MeV,
Br(¢ — nn°y) = (0.90 £ 0.24 4 0.10) x 10~*.

It is shown that the intermediate mechanism f5(980)y dominates
in the ¢ - 7#tn v and ¢ — 7x% decays and the corresponding
branching ratio is Br(¢ — f5(980)y) = (3.11 £+ 0.23) x 104

Selected ete™ — ut ™y events were used to obtain
Br(¢ = pFp~y) = (1.43 £0.45 £ 0.14) x 107° for E, > 20 MeV.

Using the same data sample upper limits have been obtained for
the C-violating decay of the ¢:

Br{¢ —» py) < 1.2 x 107%; and for the P- and CP-violating decays
of the 1 at 90% CL:

Br(n—=ntn ) <33x1074,

Br(n - n°7%) <43 x107* .

(© Budker Institute of Nuclear Physics SB RAS



Introduction

The electric dipole radiative decays of the ¢ neson are very interesting for
the clarification of the nature of f,(980) and a,{980) mesons [1]. A search for
these decays has been earlier performed by the ND group [2] and a number
of new results has been recently published by SND [3,4] and CMD-2 [5,6]
collaborations at the e*e™ collider VEPP-2M (7] where the radiative decays
¢ = 7°7%, ¢ = %y and ¢ — 77— have been observed for the first
time.

The mode with two charged pions has very large background because of
the radiative processes ete™ — w7~y where a photon comes from initial
electrons or from final pions. Therefore a signal from the fg (980)~ final state

m¢—mf2

-——2—-;;%—0— ~ 40 MeV
in the photon spectrum. The shape of this structure depends on the f0{980)
mass and width. In our first paper [8] a search for the ¢ — 7+~ decay
led to the upper limit of 3 x 10~% that looked puzzlingly low compared to the
decay ¢ — n%n%y observed with the branching ratio of about 1 x 10~4 [4].
As it was shown in [5,8,9], in case of the f,(980)y mechanism it could be
explained by the destructive interference between bremsstrahlung processes
and the ¢ decay. :

The purely neutral mode has no bremsstrahlung background and is the
most efficient to study the ¢ — f,(980)y decay and two pion mass spectrum.
With the CMD-2 detector this mode as well as another ¢ decay with five
photons in the final state ¢ — 7%y have been studied and the first results [5]
based on about 25% of the data confirmed those reported earlier by SND.

The CMD-2 detector described in detail elsewhere [10] has been tak-
ing data since 1992. In addition to the barrel Csl calorimeter, the end-
cap calorimeter made of BGO crystals was installed in 1995 making detec-
tor almost hermetic to the photons. The energy resolution for photons in
the Csl calorimeter is about 8% independent of the energy and og/E =
4.6%/+/E(GeV) for the BGO calorimeter. The muon system uses streamer
tubes grouped in two layers (inner and outer) with a 15 cm magnet yoke
serving as an absorber and has 1-3 cm spatial resolution.

Is seen as an interference structure at the energy E., =
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In this paper results of the study of the ¢ — 7%2%y, ¢ — #+7—~ and
¢ — nmy are presented. In total the 14.2 pb~! of data have been collected at
14 energy points around the ¢ mass and correspond to 20.6 x 108 of ¢ decays.
For this analysis 13.1 and 12.8 pb~! were used for the 7~ and 7%z
decay modes respectively. Seven scans of this energy region were performed
allowing to control systematic errors caused by the possible instability of

detector systems. The results obtained from individual scans were found to
be consistent.

7t 7w~ ~ Channel

Selection of 7~ ~ Events

Event candidates were selected by requiring only two minimum ionizing
tracks in DC and one or two photons with the energy greater than 20 MeV
in the Csl calorimeter. The following selection criteria were used:

1. The average momentum of two charged particles is higher than 240
MeV /c to remove the background from Ks — nt#n~ decays.

2. Detected tracks have a polar angle between 1.05 and 2.1 radians so that
they enter the inner muon system.

3. The sum of the energy depositions of two clusters associated with two
tracks is less than 450 MeV to remove Bhabha events.

4. The radial distance of the closest approach of each track to the beam
axis is less than 0.3 cm.

5. The Z-coordinate of the vertex (along the beam) is within 10 cm from
the detector center. This cut reduces cosmic ray background by a factor
of two.

6. Detected photons have a polar angle between 0.85 and 2.25 radians so
that they enter the "good” region in the CsI barrel calorimeter. This

requirement suppressed the background from the photons emitted by
initial electrons.

7. Events with an invariant mass of two photons close to the 7 mass
|myy — Mo} < 40 MeV were removed.



After the above cuts the main background for the 7+ 7~ final state comes
from: a) the radiative process e*e~ — ptp~+, b) the decay ¢ = 7wt 0
when one of the photons from the 7° escapes detection and c) collinear events
ete™ — ptp~,nr7r~ in which secondary decays and interactions of muons

or pions with the detector material produce a background cluster mimicking
a photon.
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Figure 1: Calorimeter response for events with one or no hits in the muon
system (a) and for events selected as muons (b).

Selection of u*u~~ Events

The inner muon systern was used to separate muons from pions. The re-
quirement of hits in the inner muon system for both charged particles selects
muon events, together with some pion events in which both pions pass the
calorimeter without nuclear interaction.

Separation of pion and muon events in the CslI calorimeter is illustrated
in Fig. 1, where scatter plots of the energy deposition of one track vs. that
of the other one are presented for events with one or no hits in the muon
system (a) and selected as muons (b). Energy depositions are corrected for
the incident angle. Pions can have nuclear interactions and in some cases
leave more energy, while muons mostly exhibit dE/dx losses only.

'To select a cleaner sample of muon events, in addition to the information
from the muon system both tracks were required to show only minimum
ionizing energy deposition in the calorimeter (60-130 MeV). All the remaining
events were considered as candidates to a pion sample. The pion sample
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Figure 2: a.Muon system efficiency vs. energy. b.Reconstruction efficiency
for DC. c.Probability for two pions to be selected as muons.

contains muons because of some inefficiency of the muon system while the
muon sample contains pions since a pion can reach the muon system without
nuclear interaction. The magnitudes of contamination were determined by
studying correlations between the energy deposition in the Csl calorimeter
and response of the muon system to collinear 7+~ and ptpu~ events. The
results of this study are shown in Fig. 2 for one of the experimental scans.
Figure 2a presents the muon system efficiency for different energy points.
Only statistical errors are shown. The obtained number of pions and muons
was corrected for the DC reconstruction efficiency shown in Fig. 2b. This
efficiency was determined from collinear Bhabha events as described in [6].
The probability for two pions to be selected as muons is presented in Fig. 2¢
and is independent of the possible instability of the detection system. The
overall systematic error in 7 — g separation is estimated to be about 3% and
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results in a correlated uncertainty in the selected number of pions and muons.
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Figure 3: Simulated probability for pions to be selected as muons vs. photon
energy.

For events with photons the contamination of the muon sample by pion
events was studied using simulated 7t 7~ events. The probability of two
pions to be selected as muons vs. photon energy is presented in Fig. 3 and
was used for the correction of the photon spectrum. At a low photon energy
this probability is consistent with that obtained from collinear events (see
Fig. 2c).

Constrained Fit

To reduce the background from collinear events as well as that from
the three pion annihilation a constrained fit was used requiring total energy-
momentum conservation for a three body decay. About 20% of the selected
events had an additional photon. In this case the constrained fit was applied
to both possible combinations and that with a minimum x? was chosen.

An additional cut was applied to the photon direction: an azimuthal
angle should be more than 0.25 radians from the charged track direction.
This cut removed the remaining collinear events with a background photon
which survived after the constrained fit.

The x?/d.f. distribution for events selected as muons had very small
background and was found to be in good agreement with simulation as shown
in Fig. 4a. According to simulation a cut on the x2/d.f. to be less than 3
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Figure 4: a. The x?/d.f. distribution for events selected as muons. The
histogram is simulation. b. Photon spectrum for events selected as pions
for x?/d.f.<3 (dark poins) and for 3 < x?/df. < 6 (open points). The
histogram is simulation of background from 77~ 7" events.

was imposed for pion and muon events selecting 95% of signal events.

After the above cut the pion sample still contained some background
mainly from three pion decays. Such three pion background appears when one
of the photons from the 7% has the energy below 20 MeV and is not detected so
that the event looks like a three body decay with the remaining photon energy
higher than 150 MeV. The x?/d.f distribution for these events was flat and
events with 3 < x2/d.f. < 6 were used to obtain the background spectrum
shown in Fig. 4b by open marks. At each energy point the background
spectrum was subtracted from one for the signal events.

As a result of the constrained fit one can obtain an improved estimate for
the photon energy. This was studied by simulation and results are presented
in Fig. 5. Simulation shows that after the constrained fit photons have energy
resolution about 5 MeV in the whole energy range instead of og, = 8% X E,
Csl resolution as shown in Figs. 5a,b. Figure 5¢ demonstrates the simulated
photon detection efficiency in the CsI calorimeter vs. photon energy. The
overall detector efficiency vs. photon energy for charged particles and photons
is shown in Fig. 5d for 7t 7~ events.

Photons are required to be in the angular range 0.85-2.25 radians.

To extract the resonant contribution associated with the ¢, two data sets

N
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Figure 5: Study of simulated 7t 7~ events. a. Difference between the pho-
ton energy measured in the calorimeter and the initially simulated one vs.
photon energy. b. Difference between the kinematically reconstructed photon
energy and the initially simulated one vs. photon energy. c. Simulated pho-
ton detection efficiency in the CsI calorimeter. d. Overall detector efficiency
vs. photon energy.

were used. Data collected at the energy points with E, ,, from 1016.0 to
1023.2 MeV with the integrated luminosity of 9.24 pb~! were used for the
"¢” region while those taken at Ec.m. = 996-1013 and 1026-1060 MeV with
the integrated luminosity of 3.89 pb~* containing less than 3% of the ¢ decays
were used for a background estimate (”off-¢” region).

Figures 6 present photon spectra obtained after background subtraction
and corrections for the detector efficiency at the ”¢” (a,c) and "off-¢” (b,d)
regions for pions and muons respectively. The solid line presents theoretical
calculations [9] taking into account the integrated luminosity at each energy
point and p — w mixing for the bremsstrahlung process. A peak at 220 MeV
corresponds to the radiative process ete™ — py with the p decay into two
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charged pions. The photon energy range from 20 to 120 MeV has minimum
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Figure 6: a. Photon spectrum for 7+ 7~ events at the “¢” region; Solid line
is pure bremsstrahlung. Dashed line includes a possible fp signal according
to [9]). b. Photon spectrum for 71t # v events at the “off-¢” region; c,d. The
same spectra for u* u~v events.

background and some excess of events over the expected bremsstrahlung spec-
trum can be seen in the 7+ 7=~ sample at the ”¢” region (the dashed line in
Fig. 6a). In total, 30175 nt 7™+ events and 27188 u* "~ events have been
selected in this energy range.

Cross Section Study

The cross section for each energy point was calculated as o = N, /(L-€).
Ney is the number of selected events with photons in the energy range
from 20 to 120 MeV. The integrated luminosity L for each energy point
was determined from Bhabha events with about 2% systematic accuracy {6).
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The detection efficiency € was obtained by simulation and the approximation
shown by the solid line in Fig. 5d was used to correct photon spectra.

The obtained cross sections of the processes ete™ — #tnr~yand ete™ ~
pt ™y versus energy are presented in Fig. 7a,b. Only statistical errors are
shown. The systematic error in the experimental cross sections was esti-
mated to be about 5% dominated by the uncertainty of the pion-muon sep-
aration efficiency. The resulting cross sections contain contributions from
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Figure 7: a. Cross section for ete~ — 77~ ~. Lines are theoretical predic-
tions in case of no direct ¢ decay (solid line) and best fit (dotted line). b.
Cross section for ete™ — ¥~y with the theoretical prediction.

bremsstrahlung by initial and final particles as well as the possible direct
hadronic decay ¢ — wta 7.
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The bremsstrahlung process from initial particles is suppressed by select-
ing photons transverse to the beam direction, but it still accounts for about
2/3 [9] of the observed ete™ — ntn ™+ and one half of the ete™ — ptpu—v
Cross section.

The bremsstrahlung process from the final particles includes the ¢ con-
tribution to the photon propagator (vacuum polarization). This contribu-
tion gives rise to an interference pattern in the cross section at the ¢ mass
and can be referred to as an ”electromagnetic” decay ¢ — v - at7 v or
¢ — v = ptp~y. The amplitude of the interference is determined by the ¢
meson leptonic coupling constant.

If the direct hadronic decay ¢ — ntn~ exists and the amplitude of
this process is high enough, the interference pattern in the cross section is
expected to be different from that with the vacuum polarization contribution
only.

To extract the ¢ — #7~y amplitude a simple formula has been used
where the final radiation amplitude of the bremsstrahlung process is mixed
with the Breit-Wigner amplitude from the ¢:

o(s) = oin(s) + ol (s)- |1 — e - A —rllq-?

Aq«, =s—m?¢+i\/§‘[‘¢(s).

Here s = 4E7,,,., 'y and my are ¢ meson parameters, A, and 9 are the
relative amplitude and phase between the bremsstrahlung and ¢ decay.

This formula is valid only if one assumes one and the same photon spec-
trum for the final radiation amplitude of the bremsstrahlung process and for
the Breit-Wigner amplitude like for the "electromagnetic” ¢ decay.

The initial o} (s) and final ab (s) bremsstrahlung cross sections have dif-
ferent energy dependence for 20-120 MeV photons because of the pion form-
factor energy behaviour. According to calculations [9] the power functions
oin(s) = 0.65 - g - (mg/+/3)!3 and g (s) = 0.35- 69 - (my/+/5)? can describe
the bremsstrahlung process ete™ — 77+ in our energy range. The pa-
rameter ag represents the total cross section at the ¢ mass. The function
oin(s) = of (s) =0.5- og(m3/s) was used for muons.

The fit of experimental data with o9, peak amplitude Ay and v as free
parameters shows good agreement of obtained cross sections with the theo-
retical calculations [9):
og’P [obh = 1.02 £ 0.02 £ 0.03,
og"? Jath = 0.97 + 0.02 + 0.03
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