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Abstract

Results of the study of theTe™ — noy process with SND detector at VEPP-2M collider in the c.m.s. energy range
/s =0.60-0.97 GeV are presented. Using 36513 selected events, corresponding to a total integrated lumindsity &f 3
theeTe~ — 70y cross section was measured. The energy dependence of the cross section was analyzed in the framework
of the vector meson dominance model. The data are well described by a spirpop — noy decay contributions with
measured decay probabilities: Br— 7%y) = (9.34+ 0.15=+ 0.31)% and Brp® — 7%) = (5.15+ 1.16 £ 0.73) x 1074
The p—w relative interference phasegs, = (—10.2+ 6.5+ 2.5) degrees.
0 2003 Published by Elsevier Science B.V. Open access under CC BY license

PACS 13.40.Hq; 13.65.+i; 14.40.Cs
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1. Introduction to the class of magnetic dipole transitions, represent
major interest as a probe of the quark structure of
The cross section of thete~ — 7% process vector mesons, and for tests of low-energy models

at c.m.s. energieg/s = 0.60-0.97 GeV within the of strong interactions, such as a non-relativistic quark
framework of the vector meson dominance model is model, effective potential models, etc., [1-5]. Study of

determined by radiative decays of light vector mesons this process allows to improve accuracy of parameters

0 0
0(770), »(782), $(1020. These decays, belonging ©fthes". @ — w~y decays.
pT70, (782, (1020 4 ging The only previous measurement of the dep&y->

7% was carried out by ND detector [6]: Bi® —
* Corresponding author. %) = (7.9£2.0) x 10~*. This result agrees with the
E-mail address: a.a.korol@inp.nsk.su (A.A. Korol). PDG value for the isotopically complementary chan-
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nel: Br(p* — n%y) = (454 0.5) x 1074 [7]. The
o — 7% decay was studied in several experiments
[6,8—12]. The current world average ®r— 7%) is
equal to(8.7 + 0.4)% [7].

In this work we present the study of tkége™ —
7% process with SND detector at VEPP-2M collider.

2. Detector and experiment

The SND detector [13] consists of an electromag-
netic calorimeter, tracking and muon systems. The
main part of the detector is a three-layer spherical elec-
tromagnetic calorimeter consisting of 1600 Nal(TI)
crystals. The total thickness of the calorimeter for par-
ticles flying from the interaction point is 18Xy, the
total solid angle is 90%4x . Energy resolution of the
calorimeter for photonsisg / E ~ 4.2%/ E (GeV)Y/4,
the angular resolution is, s ~ 0.82°// E (GeV) &
0.63°.

The experiment was carried out at VEPP-2M col-
lider [14]. The data were collected in March-July,
1998 [15] at 30 energy points in the range = 0.60—
0.97 GeV. The total integrated luminosity af3pb*

was used for the analysis. The beam energy determi-
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crystals in the calorimeter and no signals in neither
tracking nor muon systems. The FLT threshold on a
calorimeter energy deposition changed with the beam
energy, but was always below4Q/s.

The reconstructed events were first put through
primary selection, which required at least 3 neutral
and no charged particles, total energy deposition
Ewot > 0.65/s, total momentum measured by the
calorimeter Pt < 0.34/s, polar angles of the two
highest energy photons 36 612 < 144°, the polar
angle of the third photon (descending order in energy)
27° < 63 < 153, and the energy deposition of this
photonE,3 > 0.1,/s. These conditions select three-
photon events, while suppressing machine background
and two photon annihilation events with additional
background clusters in the calorimeter. As a result
52415 events were selected for further analysis.

In order to improve energy and angular resolutions
for photons, the selected events were kinematically
fitted under total energy and momentum conservation
constraints. The fit results are the value );gy of
the hypothesis and fitted kinematic parameters of the
photons. The kinematic fit improves invariant mass
resolution for photon pairs from® decays from 12
to 8.6 MeV (Fig. 1).

nation was based on measurements of the magnetic The Xef,, distribution is shown in Fig. 2. For

field in the bending magnets and the beam revolution
frequency in the collider. The error of the center of
mass energy determination consists of two parts: rel-
ative accuracy of the energy setting for each energy
point, which is equal to 0.1 MeV, and a 0.2 MeV gen-
eral energy scale bias, common for all points within
the experiment.

3. Dataanalysis

In this work the process™e~ — 7% was studied
in the three-photon final state. The main sources
of background are the QED processe€®~ — 3y
andete™ — 2y with extra photons of the machine

additional suppression of the cosmic and machine
backgrounds, we requireggy < 20. This cut also
implicitly limits the maximum energy of initial state
radiation (ISR) photons in the process under study
(Fig. 3). In order to suppress the 2-photon annihilation
background, each selected event was kinematically
fitted to thee™e™ — 2y hypothesis, and restriction on
calculatedxzzy was appliedxgy — Xzzy <0. Thexgy—

X22y distribution is shown in Fig. 2.

The only significant backgrounds to the process
under study remaining after described above cuts are
the ete™ — ny and QED 3 annihilation. In the
latter process all kinematically allowed combinations
of the photon energies and angles are present, so
this background cannot be completely eliminated by

background. Other possible sources are the processselection cuts and must be subtracted. To this end, all

ete™ — ny and cosmic background.
3.1. Eventsselection

For an event to be recorded, the SND first level
trigger (FLT) required at least two clusters of hit

events, which passed primary selection and kinematic
fit cuts, were divided into two classes: events with
108 MeV < m,, < 162 MeV were assigned to a
class A, the rest—to a clas$. Here m,, is an
invariant mass of a photon pair after kinematic fitting
(Fig. 1). The total number of the selected class
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Fig. 1. Invariant mass distribution of photons pairs in ¢éfe~ — J'roy events before (left) and after (right) kinematic fitting. Solid line—MC
simulation, points—data\(s = 782 MeV).
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Fig. 2. Thexgy (left) and ng - XZZV (right) distributions for the clasd events. Solid line—MC simulation, points—datgls = 782 MeV).
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Fig. 3. Detection efficiency as a function of the ISR photon enefdy/s, E,) for /s = 782 MeV (left), and effective ISR photon energy
threshold$ E,- (right) as a function of/s.
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events is 36513. The fraction of thefe™ — ny
background in this class is less than 0.1%. For the
classB, this fraction is up to 5%. For calculation of the
integrated luminosity a special sample of tee™ —

2y events (classC) was selected using following
criteria: no charged particles, at least two neutral
particles, energy depositions for two most energetic
photons E,1 > > 0.3/s, their polar angles 36<
01,2 < 144, azimuth acollinearityAp12 < 10°, polar
acollinearity A612 < 25°, an event does not belong
to classesA or B. It is necessary to note significant
contribution of theeTe~ — 7% events to the class

(up to 10% atw (782 resonance).

3.2. Cross section parameterization

Theete™ — 70 cross section in the framework
of VDM can be parameterized as follows [16,17]:

(4r)%a - ()3

0x0y () =235
2
8yV - 8yz0
X V_Z VT(SV)NV + Anonrres| , (1)
=p,0,¢

Dy(s)=m% —s —i/s v (s), )

2

s m

q<s>=§(1— ”°). 3)

S

Here g, v and gy 0, are coupling constantsy is
the V resonance massy (s) is the energy-dependent

width of the resonance, taking into account processes

with branching ratios larger than 1%\ nonres rep-
resents possible non-resonant contribution. Using fol-
lowing formulas for the coupling constants:

| | = ?/
=./———1Tyoy,
8yv (A7) 2 voy

3I'y Oyz0,
qm2)3 oy

(4)

|gV7{0y| = (5)
whereoy and oy 0, are the cross sections of the
ete” — Vandete™ - V — 7% for /s =my, the

Eqg. (1) can be transformed to the form more suitable
for data approximation:

q(s)3

S?’T ’Aponoy (S) + Awﬂoy (S) + A¢n0y (S)

2 (6)

0,0, (s) =

+ azo,
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my Iy fyv(s)
Dy (s)

AVHO)/ (S) =

3
m
V q(m%)?’av’roy’ )

wherea,o, is @ non-resonant contribution. We used
two different models for the description of the in-
terference phase betweenw — 7% decay ampli-
tudes. For the model with energy-independent inter-
ference phasey, , = ¢/“»¢, f,, = 1. In this case the
¢, is expected to be zero for pugeandw isotopic
states. Electromagnetic—w mixing gives rise to a
non-zerog, value, which can be estimated from the
Br(w — 27): ¢, ~ —13°. The second model is based
on a mixed propagator approach [17,18]:

r,o,w(s)

o) =—"7F—, (s) =e'%, 8
To o2 ) 1 ©)
Fo(s) =14 ¢&(s) - (IgWOI 1850x% | ) 9)
|g)/w| |ga)7'[0y|
rp(s) =1—e(s) - ( 8yol | 1Bonty| ) (10)
18y 001 18,070,
I,
£(s) = ———, (11)
De,(s) = Dp(s)
wherell,,, is a p—w mixing self-energy.
The detection efficiency for thete~ — #0y

process depends not only Qfs, but also on energy
of extra photons emitted by initial particlgs.. The
detection efficiencys, (/s, E,) was determined by
Monte Carlo simulation with the ISR taken into ac-
count. The energy and angular distributions of the ISR
photons were generated according to Refs. [19,20].
The dependence of the detection efficiencynap-
proximated by a smooth function, is shown in Fig. 3
for /s = 782 MeV. The noticeable peak in detec-
tion efficiency near ISR kinematic limit corresponds
to the case when %y invariant mass is close ta.,o

and an ISR photon is emitted at large angle and de-
tected. The effective threshold on the ISR photon en-
ergySE,(s) is determined by restriction. It can be
defined as a width at half maximum of the(\/s, E;).

At /s =782 MeVS§E, ~ 64.4 MeV. TheSE, depen-
dence on/s is shown in Fig. 3.
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The visible cross section of thete~ — 70
process was calculated as in [24]:

2Er,max/~/s

o (5 xys

—)F(x,s)

070, vis($) =

2

X 070, ((1—x)s) dx, (12)
whereo0, (s) is the process cross section (Eg. (6)),
the function F(x, s) is an electron “radiator” func-
tion [19]. For data presentation we used the traditional
form:
Onoy’vis(s) = 8(\/;) : ﬂ(\/g) : Unoy (s)’
wheres (/s ) andB(4/s) are defined as:

8(\/5) =¢,(:/s,0),
B(Vs)

2Er,max
Jo 7 e (V5 B F(x, )00, (L — x)5) dx
8}”(\/E’ 0) . Unoy(s) ‘

13)

(14)

For simulation of the background process~ —
3y (QED) the lowest-order formulas from [21] were
used. Visible cross section, calculated using Monte
Carlo simulation, was corrected for higher order loop
diagrams and soft photons emission [22] usiiity as
an upper limit of soft photons energy. The correction
varied in the range 0f.015-0925. We expect that the
accuracy of the calculategi-e= — 3y visible cross
section is not worse than 2%.

For simulation of the process’ e~ — 2y (QED),
used for luminosity determination, the formula from
[23], taking into account additional photon emission,
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Ni(c )

C
(E) +05)

IL; = ©

02y is (Ei)

Visible hadronic cross sections were calculated ac-
cording to Eqg. (12) and corrected for the beam energy
spread. Because the'e~ — 70 process gives no-
ticeable contribution to the events of the luminosity
processte™ — 2y, the integrated luminosity/({.;)

was recalculated on every iteration step of the mini-
mization. Our accuracy of the c.m.s. energy determi-
nation is worse than the accuracy of theneson mass
value. Therefore, we introduced possible energy scale
biasAE as a free parameter. Other fit parameters were
OOy s Opr0y, dro,,, k3y, @andg, or I1,, depending

on description of the phase factor (Egs. (1)—(8)) cal-
culation. Theks, parameter is a ratio of the measured
and calculatedrs, cross sections. Parameters of the
ete — ¢ — 7% reaction were taken from [25]:

G40, =5.12£0.39 nh
(p¢ = 158) Zl: 110.

(15)
(16)

For other cross section parameters the world average
values [7] were used.

The data were approximated in the following four
models:

) 0,070, = 0, a0, = 0;

(2) 0,070, andg o are free parameters,o, = 0;
3) 0,070, andI1,, are free parameterg,o, = 0;
(4) 0,050, is a free parametey o, is a free real
parameter/],,, is calculated from Bjw — 2r).

Fitted energy scale bia& E = (—0.34+ 0.08) MeV

was used. The accuracy of the visible cross section for all models is consistent with our expectations.

determination is estimated to be 1%.
3.3. Data approximation

The FIT package [24] was used for data fitting. The
fitting was done by means of the maximum likelihood
method on all three data sets (clasgesB, and C)
simultaneously. Expected number of events in:tie
energy point was calculated as:

() .
noy,vis(Ei) + 03y,ViS(El )

+o ) io(ED).  j=A.B,

Found value ofks, is 987 + 1.3% with x?/N =
26/29 shows good agreement between calculated and
measured QED ;3 annihilation cross sections. For
background subtraction we used the measurged 3
cross section. Other obtained parameters are listed in
Table 1.

Large x? value for the first model shows that the
ete~ — 79 cross section cannot be described only
by w and ¢ decays contribution. The second model
corresponds to an energy independert interfer-
ence phase. Obtained value of this phé&sd0.2 +
6.5)° is in agreement with expected for electromag-
netic p—w mixing ¢, = (—12.8 £ 1.1)°. Therefore,
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Table 1
The fitted cross section parameters for different models. Only statistical errors are indicated

9,70, (nb) 7,00, (Nb) ¢pw, degrees Mpew (MeV?) Rea, o, (nb'/?) x2/N
1 1766+ 1.4 0 0 81/28
2 1558+ 2.7 058+0.13 —-102+6.5 0 216/26
3 1559+ 2.7 0.56+0.13 -9.9+65% —2819+ 1841 0 219/26
4 1568+ 2.8 051+0.13 -1284+ 112 3676+ 303 —0.13+0.13 2Q7/25

@ Calculated using Egs. (8)—(11).
b Derived from Blw — 27).

the last two fits were performed in the mixed propa- Table 2

gator approach (Eq. (8)). The mixing self-eneigy,, Contributions to the systematic errors of the cross section parame-

was taken as a free parameter for the model 3 and cal-'¢'s

culated from the world average & — 2r) for the Source Turly  Cp070, @

model 4. The model 4 was used to estimate the contri- |ntegrated luminosity 2.0% 3% 0.8

bution from the higher vector resonangésw’, which Three photons selection efficiency 1.5% 5% 0.#

was introduced as a pure real parameter, . The fit- Final selection efficiency 16% & 22
Additional clusters 0.3% 1% 2

ted a0, value is compatible with zero. All the mod-

. . PDG table errors 0.1% 4% 04
els 2-4 describe the experimental data equally well.

Total (no model error) 3.0% .8% 2.8

3.4. Systematic errors The final classA selection criteria contain cuts in

invariant masses and complex kinematic parameters
Systematic error contributions for obtained cross x3,, x3,- Dependences of their efficiencies on c.m.s.
section parameters are summarized in the Table 2. energy and ISR photon energy in experiment and
The systematic error of luminosity determination simulation may differ. In order to evaluate systematic

originates mostly from inaccuracy of the"e™ — error coming from this source, approximations were
2y process cross section calculation (1%) and un- done with different cuts in these parameters.
certainty of detection efficiency of the luminosity Substantial systematic error contributions to the

process, which was estimated using differentangle and 0,0, and ¢ come from inaccuracy of PDG data,
acollinearity selection cuts. The total error of the inte- mostly from thel, uncertainty.
grated luminosity determination was2—3%.

Primary selection efficiency depends on simple
kinematic cuts and is independent of the c.m.s. energy. 4. Results
Thus, its systematic error emerging from simulation
inaccuracy was studied by comparison of simulated  Our final results are based on the model 2 approx-
and experimental event distributions @tresonance  imation. Differences in approximation results for the
peak, where backgrounds are negligible. Systematic models 2—4 were considered as model error contribu-
error of the primary selection efficiency does not tions to total systematic errors. As a result we present:
exceed 1.5%.

The machine background changed with c.m.s. en- e+e-—w—r0y = (1558£2.7+4.8) nb, 17)
ergy. In order to study its influence upon the detection gt e o070, = (0.58+ 0.13+ 0.08) nb, (18)
efficiency we admixed recorded experimental back-
ground ()j/etector hits to simulated gvents. Compari- ¢po=(-10246.5£2.5) degrees (19)
son of the detection efficiencies obtained by simula- Detailed point by point listing of the measurete~ —
tion with and without machine background hits gives 7%y cross section is presented in Table 3. The sys-
the estimate of the detection efficiency error from this tematic error of the experimental cross section is
source, not exceeding 0.5%. determined by systematic errors of integrated lumi-
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Table 3
Theete™ — 79 cross sections E is a c.m.s. energy spreaflL is an integrated luminosityy is a number of eventsypg is an estimated

number of background evemsﬁoy is a detection efficiency (Eq. (13)) of the process~ — J'roy, ﬂﬂoy is a factor taking into account

radiative correction (Eq. (14)) and beam energy spread. The c.m.s. eRéryis(corrected according to fitte E. Its error is 008 MeV. The
first error of the cross secticmnoy is statistical, the second one is systematic

V5 (MeV) SE (MeV) IL (nb1) N Nog €0, Bro, 7,0, (nb)
599.52 0.14 390030 60 460 0.315 0.908 P3+0.77£0.19
629.51 0.15 499+ 0.33 62 448 0.316 0.904 B1+0.68+£0.43
659.52 0.16 4m2+0.33 37 320 0.313 0.899 @5+ 0.63+£0.17
689.56 0.19 481+0.38 48 330 0.316 0.893 10+ 0.59+0.30
719.51 0.18 5813043 69 360 0.323 0.886 D7+£056+0.18
749.50 0.20 50+ 0.42 84 268 0.317 0.866 09+0.73+£0.28
759.50 0.20 4B8+0.39 107 207 0.316 0.846 71+1.02+0.42
763.50 0.21 38B0+0.38 124 187 0.317 0.834 1@74+1.194+047
769.50 0.21 430+0.40 234 203 0.319 0.812 185+ 1.45+1.08
773.50 0.21 6277+0.48 531 287 0.319 0.794 352+ 151+ 145
777.50 0.21 763+0.53 1544 350 0.319 0.776 780+ 2.13+2.15
778.71 0.22 B8+ 0.16 162 32 0.319 0.772 9B9+813+382
779.48 0.24 439+0.39 1282 200 0.319 0.770 11894346+ 2.94
780.59 0.23 1336+ 0.68 4989 614 0.319 0.772 1586+ 2.20+4.40
781.63 0.24 3562+ 1.10 15259 164 0.319 0.779 17824+ 1.43+5.15
782.52 0.21 811+ 053 3523 3B 0.319 0.793 1683+ 2.94+£4.76
78351 0.21 740+0.51 3150 34 0.319 0.816 1583+ 2.93+5.46
785.51 0.22 733+051 2391 3B 0.320 0.883 1135+ 2.39+3.18
789.50 0.22 501+ 0.46 930 246 0.320 1.044 4B1+ 166+ 143
793.49 0.23 593+ 0.45 456 224 0.320 1.201 226+ 1.10+0.80
799.49 0.23 5B6+0.45 285 213 0.320 1.411 1740774031
809.49 0.25 653052 189 258 0.318 1.660 #0+0.43+0.13
819.49 0.24 1154+0.70 233 437 0.318 1.775 B0+0.25+0.19
839.47 0.25 1483+ 0.80 179 526 0.320 1.711 59+ 0.18+0.07
879.45 0.27 17@6+0.91 100 504 0.318 1.269 F2+0.16+£0.17
919.43 0.32 3270+1.32 137 ey 0.319 1.048 B4+0.12+0.04
939.45 0.30 29P2+1.28 99 630 0.318 1.007 39+ 0.12+0.09
949.45 0.29 2590+ 1.22 86 539 0.317 0.993 39-+0.13+0.06
957.45 0.29 2453+1.18 79 488 0.317 0.984 @0+ 0.13+0.06
969.46 0.30 24%5+1.21 84 476 0.319 0.969 @8+0.13+0.10
nosity, detection efficiency, radiative correction, and ik « ND [6]

v SND99 (25,
= this study

background subtraction. It is worth mentioning that

systematic errors for different c.m.s. energy points are

highly correlated. The measured cross section and data

from [6,25] are also plotted in Fig. 4. 1
Decay parameters expressed in terms of probabili-

ties and partial widths are: 16

o, nb

10

0 +,-
Br(a)—>7r y)~Br(a)—>e e ) & ‘ ‘ , ‘ ,
500 600 700 800 900 1000 1100

= (6.5040.1140.20) x 10°°, (20) 5, MeV
Br(,o — 710)/) : Br(,o — e+e_)

Fig. 4. ete™ — noy cross section. Solid line depicts the cross
=(2.344+0.53+0.33) x 1078, (22) section in the model 2, dashed line—in the model 1. The ND data are

0 grouped by energies and shifted according to current world average
Br(w — n°y) = (9.34+ 0.15+ 0.31)%, (22) value of thaw-meson mass.
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