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Abstract

The cross section of the processe™ — 7107'[0)/ has been measured in the c.m. energy range 600-970 MeV with the
CMD-2 detector. The following branching ratios have been determitigd® — 7%79%) = (5.2ﬂ:§ +0.6) x 10°° and
B(w — 7% %) = (6.41%61 +0.8) x 107> Evidence for the® — f(600)y decay has been obtaingsi(p® — fo(600)y)=
(6.03:3 + 0.9) x 1072, From a search for the processe™ — nrroy the following upper limit has been obtained:

B(w — nm%) <3.3x 107> at 90% CL.
0 2003 Published by Elsevier B.Upen access under CC BY license.

1. Introduction

Radiative transitions of vector mesons into two
E-mail addresssimon.eidelman@cern.ch (S.1. Eidelman). pseudoscalar mesons have been attracting attention
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since long ago as a possible test of various low energy photons of about 9% in the energy range from 100

theoretical models and a source of information on
controversial scalar states [1-13]. After the reliable
observation of thefp(980) and ag(980) states in the
¢(1020)meson decays by SND [14] and CMD-2 [15],
recently confirmed by KLOE [16], the interest moved
to thep andw meson decays.

Information on thep (w) decays to the wy (n7%)

to 700 MeV. The angular resolution is of the order
of 0.02 radians. The end-cap BGO calorimeter with
a thickness of 1.3 X placed inside the solenoid has
energy and angular resolution varying from 9% to 4%
and from 0.03 to 0.02 radians, respectively, for the
photon energy in the range 100 to 700 MeV. The barrel
and end-cap calorimeter systems cover a solid angle of

final states is rather scarce. Because of the large0.92 x 4z radians.

background from the initial state radiation in the
processeTe” — ntmx~, a search forp(w) decays
into ther T~y final state is difficult. Among many
such experiments [17] only one succeeded in the
observation of the decay® — =tz ~y [18]. A long
search for thew — 7%% decay (see [17] and
references therein) finally proved successful for the
GAMS Collaboration, which observed it imr~p
collisions with the branching fraction ¢¥.4 + 2.5) x
10-° [19]. Recently a high statistics study of the
o(w) energy range has been performed by the SND
Collaboration [20,21]. They obseryeandw decays
into 7970, both with a branching ratio higher than
that predicted by vector dominance. While for the
p meson the excess can be explained by gRe—~
fo(600)y decay, first evidence for which is reported
by SND, the reasons for the higher probability of the
corresponding decay are not yet clear.

In our recent paper [22] we described a study of
the procesgte™ — 7% % in the c.m. energy range
920-1380 MeV, i.e., above the threshold®f® pro-
duction, using the CMD-2 detector at the VEPP-2M
ete™ collider. In this Letter we report on the mea-
surement of the cross section of the procgss™ —
799 in the c.m. energy range 600-970 MeV with
CMD-2. Also described is the first search for the
procese e~ — nn%y in this energy range.

2. Experiment

The general purpose detector CMD-2 has been
described in detail elsewhere [23]. Its tracking system
consists of a cylindrical drift chamber (DC) and
double-layer multiwire proportional Z-chamber, both
also used for the trigger, and both inside a thin
(0.38X0) superconducting solenoid with a field of 1 T.
The barrel Csl calorimeter with a thickness o1 &

+ -
placed outside the solenoid has energy resolution for¢ ¢ — 717:

This analysis is based on a data sample correspond-
ing to integrated luminosity of.7 pb~! collected in
1998-2000 in the energy range 600-970 MeV. The
step of the c.m. energy scan varied from 0.5 MeV near
thew peak to 5 MeV far from the resonance. The beam
energy spread is about>410~4 of the total energy.
The luminosity is measured using events of Bhabha
scattering at large angles [24].

We use Monte Carlo simulation (MC) to model the
response of the detector and determine the efficiency.
Due to the beam background additional (“fake”) clus-
ters can appear in the calorimeter. The correspond-
ing probability as well as photon energy and angular
spectra are obtained directly from the data using the
processete™ — 7tz ~ 70 Then these photons are
mixed with the detector response during simulation.

3. Dataanalysis

At the initial stage, we select events which have
no tracks in the DC, five photons, the total energy
deposition 17 < Eiot/ Epeam< 2.2, the total momen-
tum Pt/ Epeam< 0.3 and at least three photons de-
tected in the Csl calorimeter. The minimum photon
energy is 30 MeV for the Csl and 40 MeV for the
BGO calorimeter. 350 events have been found with
these cuts. Then a kinematic fit requiring energy—
momentum conservation is performed with an addi-
tional reconstruction of twor® mesons. We require
good reconstruction qualityy€ < 5) and the ratio of
the reconstructed to measured energy to b &
w;/E; < 1.8 for each photon. After this stage 219
events remain in the whole energy range.

The dominant background comes from the process-
es

n— 3710,

1)
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Fig. 1. TheEot (left) and x2 distributions. The points with error bars represent experimental events, hatched histograms show the MC
simulation for the background processes and open histograms are a sum of the signal and background MC. The arrows indicate the cuts
imposed.

ete™ > 70, (2) does not exceed 40%. This results in a 6% systematic

ete™ — 3y, 4y. 3) uncertainty in the cross section.

Events from the process (1) can imitate signal events 3.1. Approximation of the cross sections

if two soft photons are lost. The processes (2), (3)

can meet the selection criteria with one or two ad- At each energy point the cross section of the

ditional (“fake”) photons coming from shower split- processo is calculated from the observed number

ting, “noisy” electronic channels in the calorimeter of events and background MC expectation using the

and beam background. following formula:
To determine the background contribution, the fol-

lowing procedure is used. All the above processes ¢(\/s) = M,

are simulated using the Monte Carlo. To decrease Le(1+9)

the statistical uncertainty, ten times more events than where Nexp is the number of observed eventSyg

expected from the background cross section and lumi- is the expected number of background events from

nosity are used at each energy. Then the same selecMC, L is the integrated luminosity, is the detection

tion criteria as for the data are applied. The obtained efficiency and1 + §) is the radiative correction at the

number of selected events is divided by ten and sub- corresponding energy.

tracted from the experimental one at each energy. In  To calculate the detection efficiency, we use Monte

total, about 29 background events are expected afterCarlo simulation taking into account the neutral trig-

4

this procedure. ger (NT) efficiency. NT is based on the information
Fig. 1 shows theEi; and x?2 distribution for the from the Csl calorimeter and its efficiency depends
data, signal and background MC. We use jfedis- on the number of clusters and total energy deposition.

tributions to estimate the accuracy of the background The NT efficiency is estimated using events of the
estimation. The experimental distribution was fitted by processete~ — n+7 70 We require the charged

a sum of MC and background. The raﬁkﬁXp/N%c = trigger signal and three or more clusters in the Csl
1.2 £ 0.2 was obtained. We conclude that the back- calorimeter, and study the NT efficiency as a func-
ground level is estimated well and its systematic error tion of the energy deposition in Csl. The NT efficiency
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Fig. 2. The cross section of the procese~ — nonoy. The points with error bars represent the experimental data, while the solid and dashed
curves correspond to the results of the fit | and Ill, respectively.

varies from 85% at c.m. energy of 600 MeV to about We parameterize the amplitude of the process by a
95% at 980 MeV. sum of thep and w contributions. The former con-
The radiative corrections are calculated according tains thep — wz9 transition plus one more mech-
to [25]. The dependence of the detection efficiency on anism beyond the vector dominance model which is
the energy of the emitted photon is determined from chosen to be the® — f(600)y one. Because of the
simulation. small width of thew meson, thep — w7® amplitude
The obtained Born cross section of the process is rapidly falling below theo© threshold. This allows
ete™ — %% is shown in Fig. 2 while Table 1 lists  to distinguisho® — w7% andp® — fo(600)y mecha-
detailed information on the analysis of this reaction. nisms by studying the energy dependence of the cross
Since no events were selected in the energy range 600section. On the contrary, the small width of thhene-
to 690 MeV, our results are presented as upper limits at son prevents from distinguishing various mechanisms
90% C.L. The Feldman—Cousins procedure [26] was possibly existing in the» — 7°7%y decay by its cross
used to calculate errors (upper limits) at each energy. section. For this reason we parameterizedh@eson
This cross section (the “dressed” one from the column amplitude by thes — pz transition only.
VIl) was used in the approximation of the energy The Born cross section of the process is written as
dependence with resonances.
Meanwhile, for applications to various dispersion 0,00, (s) = /|Aﬂonoy (s)]zdcb, (5)
integrals like that for the leading order hadronic con-
tribution to the muon anomalous magnetic moment, Whered @ is the final state phase space and
the “bare” cross section should be used. Following the m2 m2,
procedure in Ref. [27], the latter is obtained from the A 0,0, = Ap_)mo(_/’ +a-L )

“dressed” one by multiplying it by the vacuum po- Dy Dy

larization correction1 — I7(s)|2, wherel1(s) is the m?

photon polarization operator calculated taking into ac- + A/Hfo(GOO)yD—

count the effects of both leptonic and hadronic vac- 5 ’

uum polarization. The values of the correction and +Aw%n0n0y%' (6)
the “bare” cross sectiofr are presented in two last D,

columns of Table 1. Here the first term describes the amplitude of the

The maximum likelihood method is applied to fit ete™ — p, p’ — wn© transition, while the second
the experimental data obtained from the relation (4). and third ones are thete™ — p — fo(600)y and
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Table 1
The c.m. energy, integrated luminosity, detection efficiency, number of observed events, background expectation, radiative correction, Born
cross sectiow, vacuum polarization correction and “bare” cross secfiaf the process™e™ — 770710)/

V5 (MeV) L (nb~h) e (%) Nexp Nog 143 a (pb) 11— () & (pb)
600 56.1 10.9 0 0.2 0892 <411 0.993 <408
630 1151 11.9 0 0.1 0.888 <192 0.995 <191
660 2355 12.8 0 0.4 0.884 <80 0.997 <80
690 1962 135 0 0.2 0.880 <9 0.999 <9
720 4197 14.1 1 0.4 0.879 <76 0.999 <76
750 2105 14.7 3 0.1 0.884 1085 0.994 10533
760 2065 14.9 2 0.3 0.885 6252 0.991 62753
764 397 14.9 1 0.0 0.883 192334 0.990 189332
770 1092 15.0 1 0.3 0872 <284 0.991 <282
774 1953 15.1 4 0.9 0.852 12330 0.994 1227320
778 1991 15.2 6 13 0.817 190532 0.994 1897331
780 1947 15.2 11 11 0.801 4175 0.983 4107238
781 2557 15.2 5 15 0.798 1129 0.971 109787
782 6310 15.3 30 5.1 0.803 3243 0.958 309729
783 2757 15.3 15 2.6 0.815 367338 0.946 342139
784 3372 153 16 33 0.835 2951t 0.937 276204
785 1988 153 9 16 0.859 2833 0.932 26423
786 1908 15.3 10 1.4 0.885 33257 0.932 30913
790 1494 15.4 4 0.6 0.966 1532° 0.939 144337
794 1787 155 4 0.4 1.000 13059° 0.944 12333
800 2617 15.6 2 0.7 1.010 35, 0.948 30"33
810 2473 15.8 3 1.0 1.006 5130 0.950 48+3%
820 2957 15.9 3 0.7 1.001 icing 0.951 46135
840 6028 16.3 13 0.8 0.999 1243 0.953 11842
880 3754 17.1 4 0.6 0.984 s3] 0.958 511352
920 4582 18.1 6 11 0.901 655 0.964 63"52
940 327.8 18.7 12 0.5 0.854 215 0.966 2123
950 2261 19.1 14 0.4 0.855 369! 0.968 357383
958 2500 19.3 17 0.3 0.859 40238 0.969 3907522
970 2498 19.8 23 0.9 0.867 51678 0.972 502 522

ete” — w — pn® amplitudes.my is the mass the corresponding energy dependent width. The real
and Dy is the propagator of the vector mesdh parametewr = g, /gpwx 1S the ratio of the coupling
given by Dy(s) = s — m%, +i/sTy(s), T'y(s) is constants for theo and o’ mesons. TheA

p— w0
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Table 2

The fit results in various models

Fit parameters Fit 1 Fit 1l Fit 11l

B(w — 7%7%),10°5 64758 +08 62733+07 118721114
Spwrn, GeV 1 =167 162+14 186+1.1

B(o — fo(600)y — 7070, 105 20331 +03 23775403 =0

B(p — n%0), 1075 5215 +06 54718+06 22+03+03
x2/n.df. 192/28 190/27 267/28

amplitude, proportional to the coupling constgps
of the p — w7 transition, is written as in our previous
analysis above 1 GeV [22].

The coupling constang,.. and the following
branching ratios are used as fit parameters:

B(po — fo(600)y — nonoy)

1 2
= | Ap fo(600)y(m )|~ d P,
Up

B(w — 7°7%) = %f|Aw_monoy(mw)|2dq§. (7)

Then the total branching fraction of th@ — 79709y
decay is calculated from the following formula:

B(p — 710710)/)

1 2
= G—/Iprno(mp)+Apefo<600>y(mp)| de.
14
8
In (7) and (8)oy is the cross section at the resonance
peak without taking into account other contributions:

2
OV =0¢te=—V—7070y (m\/)
_12aB(V — ete)B(V — 7%79)

2
ny

©)

B(V — ete™) and B(V — 7% ) are the corre-
sponding branching ratios.

3.2. Results of the fits

In all the following fits thep, w and p’ meson
masses and widths are fixed at the world average
values [17]. The parameter= g, .~ /gpox Was also
fixed at the value obtained in our analysis above
1 GeV [22]. Since thefp(600) mass and width are
badly known [17], we use a wide range of these

parameters:M s,s00) = 400-800 MeV, I'f 600) =
300-600 MeV. For th@ andp’ resonances the energy
dependence of the total width was described similarly
to Ref. [22] while for thew meson the total width was
assumed to be energy independent. We perform three
main fits: withg,., equal to the valu€l6.7 + 0.4 £

0.6) GeV ! obtained in our analysis above 1 GeV [22]
(fit1), with free g, (fit 1) and without a contribution
from thep® — fo(600)y decay (fit I1l). The results of

the fits are shown in Table 2 and in Fig. 2 by the curves.

The value of the coupling constag., = 162+
1.4 obtained in the second fit is in good agreement
with the one from our measurement of thee™ —
w70 cross section above 1 GeV [22], where a compar-
ison with other measurements and theoretical evalua-
tions can be found.

The fits taking into account the® — fo(600)y
decay mode (fits | and Il) better describe the data.
The branching fraction3(p® — fo0(600)y) differs
from zero by two standard deviations. However, the
fit 11l also has goody?2/n.d.f. = 26.7/28. There are
additional reasons to choose a fit with the—
f0(600)y decay.

e The branching fraction of the — 7%7% de-
cay obtained in the fit 1ll,B(w — 7°%7%) =
(118721 + 1.4) x 105 is above the GAMS re-
sult (7.4 £ 2.5) x 10-°[19] by two standard devi-
ations. The latter result obtainedsit p collisions
has nop contribution.

The value of the coupling constagy,» = 186+
1.1 obtained in the fit 11l is above that from our
previous analysis [22] by almost two standard
deviations.

The recent analysis of the procesge™ —
799 by SND [21] also showed evidence for the
p% — f0(600)y decay.
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Thus, we choose the first model as our final result. The required. To reject the dominant background from the

p% — fo(600)y branching fraction is calculated from
the results listed in Table 2 taking into account that
B(f0(600)— 7970 =1/3.

3.3. Invariant mass spectrum

Fig. 3 shows ther%z° invariant mass distribution
for 7979 events from data in the meson energy
range (770-800 MeV). The experimental distribution
agrees well with thes — p7® decay model; however,
a contribution from thev — f(600)y decay cannot

processete~ — 7970, we perform an additional
kinematic fit with thex%7% hypothesis and reject
events that are consistent With)'ttﬁonoy < 6. Thenwe
look for a possible signal in the invariant mass of two
hard photons of the remaining thre¥,,,. The M,
distribution is approximated with a Gaussian for the
signal and a polynomial function for the background.
The Gaussian mean value and width are fixed from
the MC simulation of the signal events. The back-
ground shape is obtained using th&z°% MC. In all
energy ranges the resulting:®y signal is consistent

be excluded. The existing statistics is not enough to yth zero. Fig. 4 shows that,,,, distribution for events
distinguish between these contributions, therefore We from the « resonance region: 381 Me¥ Epeam <

quote only the total branching fraction of tlg—
7970 decay.

3.4. Search for the decay— 570y

For a search of events of the proce$s~ — nr %y
we first apply the same criteria as for the preliminary
selection okte~ — 7%7% events. Next, a kinematic
fit requiring energy—momentum conservation is per-
formed with the additional reconstruction of one soft
7% meson and a good reconstruction quality,< 6, is
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Fig. 3. Ther %70 invariant mass distribution in the meson energy

range. The points with error bars represent the experimental data,

the solid histogram shows the MC simulation of the— o0
decay, the dashed one corresponds taithe f(600)y decay. The
hatched histogram is the estimated background contribution.

401 MeV. The 90% CL upper limit for the number of
nm®y events is obtainedy, o, < 2.4. Using the de-
tection efficiency of 1.3%, we set the following upper
limit for the ete~ — n7% cross section:

a(e+e_ — nnoy) <57ph (10)
and for the branching fraction of themeson:
B(w — nn%) <3.3x 107°. (11)

Events/ (20 MeV/c?)
(2]

LA L L L L L L L

P T WY PO P -
300 400

600 700
M(yy), MeV/c?

0
200

Fig. 4. The My, distribution for the r]r[oy candidates. The

histogram represents experimental events and the solid curve shows
the fit result. The dashed curve corresponds toﬂ?h%y MC.
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Table 3
Main sources of systematic errors

Source Contribution (%)

Selection criteria 8
Background subtraction
Model uncertainty
Luminosity

Trigger efficiency
Radiative corrections

P NNOO

Total 12

3.5. Systematic errors

R.R. Akhmetshin et al. / Physics Letters B 580 (2004) 119-128

Table 4
Predictions for branching fractions of, @ — 7% %, nz%
decays

Mode Branching fraction

(1.1-47) x 1073
(1.4-82) x 107°

2x 10104 x 1076
83x10°8-63x10°°

00— 7070y
o — 7979%
p0 — nm0y

w— nnoy

observations like, e.g., the experimental values of the
o — w7~ 7% andw — 7% widths.

Theoretical papers on the subject [1-13] offer
a broad choice of effects influencing the discussed

The main sources of systematic uncertainties in the decays. In addition to thepr transition they include:

cross section determination are listed in Table 3. The

p—w mixing, pion and kaon loops, various scalar

systematic error due to selection criteria is obtained by (fo(600), £(980), 1(980)) and tensor f>(1270)and

varying the photon energy threshold, total energy de-
position, total momentum, ang?. The model uncer-
tainty corresponds to different detection efficiencies
for the wn%, p7® and fo(600)y intermediate states.

It also includes dependence on tlfig@600) mass and
width. The uncertainty in the determination of the in-
tegrated luminosity comes from the selection criteria
of Bhabha events, radiative corrections and calibra-
tions of DC and Csl. The error of the neutral trig-

a2(1320) intermediate mesons decaying intor
nm).

Predictions of these models differ rather strongly
from each other, reflecting various approaches applied
by their authors [10]. While most of the recent
papers agree that the observed value of the branching
fraction for thep® — 7979 decay can be ascribed
to the intermediatefp(600) state, the situation with
the correspondingn decay remains controversial.

ger e_fficiency was estimated by trying variou_s fitting The corresponding ranges of the predicted values of
functions for the energy dependen_ce and vanatlc_)n_s of branching fractions are summarized in Table 4. Note
the cluster threshold. The uncertainty of the radiative that from the upper limits for the nofwr %)

foorlreﬁtions comes fro(;n;he dependenfce;]onhthe er.nit'lcross section obtained by us at higher energy in
ed photon energy and the accuracy of the theoretical po [29] 4 significant contribution from thg (980)y

formulae. '.I'he.resultlng systematic uncertainty of t_he or £2(1270)y mechanisms seems not very likely.
cross section in Table 1 as well as of the branching Much higher data samples of the and o de-

fractions in Table 2 is 12%. cays expected in experiments at the upgraded collider
VEPP-2000 in Novosibirsk [28] will help to signifi-
cantly improve our understanding of their radiative de-
cays.

From the obtained results on the cross section of
the radiative processaste™ — 7%, nn% one

4. Discussion

The obtained values of the branching fractions,

B(p® — 7%7%) = (52113 + 0.6) x 10° and can estimate a possible contribution of the previ-
B(w — 7%%) = (6.43:3 + 0.8) x 107, are in ously unstudied radiative processes to the leading or-
good agreement with the previous measurements byder hadronic correction to the muon anomalous mag-
GAMS [19] and SND [21]. Both values are signifi- netic moment. To this end we first calculate the contri-
cantly higher than those predicted by the vector dom- bution of the processte~ — 797 % using the “bare”
inance model with the standard value of the coupling cross sectiong, from Table 1 in the energy range
constant>~ 1 x 10~ and~ 3x 10~°[4], respectively. below 920 MeV. The result contains a piece coming
An attempt to explain the obtained branching ratios re- from the w — 7% decay already taken into ac-
sults in a high value og,., contradicting the other  count in Ref. [29] in the wholes meson contribu-
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tion, a2 = (3796 + 1.07) x 100, This w meson
contribution is subtracted from the value above us-
ing the branching ratid(w — 7°%7%) with the re-
sult (6.08 4+ 0.82) x 10712, A possible contribution
from the procesg™e™ — ntm~y is twice that of
ete” — 790, so that

a0 (600-920 MeV = (1824 2.5) x 10 2.

Adding the contribution from then y final state, we
finally obtain

a502%600-920 MeV < 0.24x 1071%  at 90% CL

Adding the upper limit from the energy range 920-
2000 MeV obtained previously [22], we obtain

a;°"3%600-2000 MeY < 0.7 x 107 at 90% CL

or about 10% of the current uncertainty gf©-ha
[29,30]. The obtained upper limit does not contradict
the lower estimate of Ref. [31], in which the value
(0.10 + 0.13) x 10719 has been obtained using the
QCD sum rules, but is by far smaller than their upper
estimate 0f(6.95+ 5.60) x 10719 based on the PDG
value for they y width of the fo(600) meson.

5. Conclusions
The following results are obtained in this Letter.

e Using a data sample corresponding to integrated
luminosity of 77 pb™!, the cross section of
the procesgte~ — 797% has been measured
in the c.m. energy range 600-970 MeV. The
values of the cross section are consistent with
those obtained by the SND detector [21] and
have similar accuracy. The following branching
ratios have been determineBi(p — 7%%) =
(5.2fi:g + 0.6) x 107 and B(w — 7% %) =
(6.47534+0.8) x 1075,

o We confirm evidence for the — fo(600)y decay
with the branching fractiol8(p — fo(600)y)=
(6.0733 + 0.9) x 1075 reported by the SND
Collaboration [21].

e A first search for the process e~ — nn% was
performed allowing to set the 90% CL upper
limits: o (ete™ — nn%) < 57 pb in the c.m.
energy range 685-920 MeV alfdw — 1%y ) <
3.3x 1072,
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e A possible contribution of the studied radiative
processes to the muon anomalous magnetic mo-
ment was estimated to be negligible.
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