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Abstract—The ete™ — 7y cross section is measured in the center-of-mass energy range from 1.07 to
2.00 GeV in the decay channel n — 37°, 7% — ~v. The data set with an integrated luminosity of 242 pb~1
accumulated in the experiment with the SND detector at the VEPP-2000 e*e™ collider is analyzed.
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1. INTRODUCTION

Radiative decays are one of the best tools for study
of the internal structure of hadrons. For light vector
mesons, these decays have been studied for more than
50 years. The decay probabilities of the p, w, and ¢
resonances into the final state n~y are currently mea-
sured with an accuracy of 7%, 9%, and 2%, respec-
tively. Moreover, for p and w mesons, the uncertainty
is still determined by statistics. The most accurate
measurements of p, w, and ¢ — 17y decays were made
in the SND [1] and CMD-2 [2] experiments at the
VEPP-2M ete™ collider.

In ete™ experiments, the directly measured quan-
tity is the cross section for the process ete™ — 7.
The decay probabilities can be determined from the
fit to the cross section with the sum of the contribu-
tions of vector resonances. From the analysis of the
VEPP-2M data [1], it was found that the model un-
certainty of the p, w, and ¢ — 7y branching fractions
associated with the uncertainty of the contributions
of excited vector states reach several percent. To
eliminate this uncertainty, it is required, in particular,
to measure the ete™ — ny cross section at center-
of-mass energies /s at least up to 2 GeV.
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The measurement at /s = 1.05—2 GeV is impor-
tant in itself. From it one can extract the proba-
bilities of radiative decays of excited vector mesons
p(1450), p(1700) and ¢(1680). In this energy region,
in addition to the conventional vector gq states, the
production of exotic hybrid (quark—antiquark—gluon)
mesons is possible. Since hybrid states can mix
with two-quark states, their identification is a com-
plex experimental task requiring a detailed analysis of
all available decay modes. Radiative decays, whose
probabilities are relatively well predicted within the
framework of the quark model, may turn out to be the
key to identifying vector hybrid states [3].

In this paper, we present the measurement of
the ete™ — ny cross section in the energy range
Vs =1.07—2.00 GeV in the experiment with the
SND detector at the VEPP-2000 e*e™ collider [4].
We use statistics with an integrated luminosity of
about 242 pb~! accumulated from 2010 to 2021.
The results of the measurement of the eTe™ — 1y
process in this energy range, obtained by SND based
on 2010—2012 data with an integrated luminosity
of about 36 pb~!, were published in Ref. [5]. Since
this publication, in the SND, CMD-3, and BABAR
experiments, the cross sections for the background
processes ete”™ — KgKpm® [6, 7] and ete™ —
KsKrn%7% [6] were refined, while the cross sec-
tions for the processes ete™ — nny [8, 9], eTe™ —
wnm? [11—13), and ete™ — KgKn [6] were mea-
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sured for the first time. These data are used in the
new analysis.

2. DETECTOR AND EXPERIMENT

During the experiments, the energy interval 1.05—
2.00 GeV was scanned several times with a step of
20—25 MeV. In this analysis, due to limited statistics,
we present as a result the cross section values aver-
aged over 14 energy intervals listed in Table 1.

A detailed description of the SND detector is given
in Refs. [14]. It is a non-magnetic detector, the main
part of which is a three-layer spherical electromag-
netic calorimeter based on Nal(Tl) crystals. The solid
angle of the calorimeter is 95% of 4w. Its energy

resolution for photons is o /F = 4.2%/ {/E( GeV),
and its angular resolution is about 1.5°. The angles
and production vertex of charged particles are mea-
sured in a tracking system consisting of a nine-layer
drift chamber and a proportional chamber with signal
readout with cathode strips. The solid angle of the
tracking system is 94% of 4.

The main 7 meson decay modes are 2y (39%),
370 (33%) and w7~ 7% (23%). Background from the
processes ete™ — 3y and ete™ — 77~ 27Y, which
significantly exceeds the effect in the energy range
1.07—2.00 GeV makes it difficult to use the n —
2v and n — 7t7 =70 decay modes. In this paper,
the eTe™ — 7y process is studied in the n — 379,
70 — 2+ decay channel, which has seven photons in
the final state. Since the final state for the process
under study does not contain charged particles, the
process without charged particles eTe™ — v is also
chosen for normalization. As a result of the nor-
malization, the systematic uncertainties associated
with the event selection in the first level trigger, as
well as the uncertainties arising due to superimposing
of beam-generated background charged tracks on
events under study, are canceled. The accuracy of
the luminosity measurement using the ete™ — vy
process is 2.2% [15].

3. SELECTION CONDITIONS

The background processes are ete™ — 7070+,
ete™ = nn¥y, ete™ =y, efe” — wn¥7% and
ete™ = wnr® with decays w — 7%y, n — 37% and
n — vv. The processes with neutral kaons ete™ —
KsKp(7y), ete™ = KsKp7°, ete™ — KgKpn'70,
and ete™ = KgKn with Kg — 27° decay also
contribute to background.

Of the above processes, only ete™ — wn%7? and

wnm” have seven photons in the final state. In pro-
cesses with the Ky meson, additional photons can
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be reconstructed due to the K, nuclear interaction in
the calorimeter or its decay. Also, additional photons
are arised from splitting of electromagnetic showers
in the calorimeter, emission of photons by the ini-
tial particles at a large angle, and superimposing of
beam-generated background.

The selection of events is carried out in two stages.
First, events are selected, in which seven or more
photons are detected and there are no charged parti-
cles, with the following conditions on the total energy
deposition in the calorimeter Fiy and the total event
momentum Py calculated using the energy deposi-
tions in the calorimeter crystals

0.7 < Etot/\/s < 1.2, Ptot/\/'s < 0.3,
Etot/\/s - Ptot/\/'S > 0.7. (1)

For selected events, a kinematic fit is performed
using the measured photon angles and energies,
energy—momentum conservation laws, and assump-
tions about the presence of intermediate 7% mesons.
As a result of the fit, the photon energies are refined
and x? is calculated for the used kinematic hypothe-
sis. The two hypotheses are tested:

et

J’_

e~ = 317 (X3504);

ete” — wowofy(xfrowov).

In the ete™ — 370y hypothesis, the photon with the
maximum energy is chosen as the recoil photon. The
70 candidates are formed from the remaining six pho-
tons. If there are more photons in an event com-
pared to the requirement of the hypothesis, all pos-
sible five (seven)-photon combinations are tested and

the combination with the minimum value of Xfrowo,y

(ngo,y) is selected.

Further selection of events is carried out according
to the following conditions:

X5p0 <50, Xioqo, > 20. (2)

For selected events, the distribution of the invari-
ant mass M. recoiling against the photon in the
ete™ — 377 hypothesis is analyzed. These distri-
butions in the range 400 < M. < 700 MeV for six
energy intervals are shown in Fig. 1.

At energies below 1.3 GeV, a significant contribu-
tion to the M. distribution comes from the process of
“radiative return” to the ¢-meson resonance ete™ —
dYISR — MYYIsR, in which the additional photon vsg
is emitted from the initial state predominantly at a
small angle to the beam axis. We consider this
process as background. Its contribution with the

condition on the mass recoiling against yjsg: v's' <
1.03 GeV, is calculated by Monte Carlo (MC) sim-
ulation using data on the ee™ — ny cross section

PHYSICS OF ATOMIC NUCLEI Vol.86 No.6 2023
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Fig. 1. The M. distributions for six energy intervals. The points with errors bar represent data, the solid histogram is the
result of the fit described in the text. The dotted histogram is the fitted contribution of the ete™ — 7y process, the dash-dotted
histogram is the calculated ete™ — ¢y — nyy contribution, dashed histogram is the sum of all other background processes.
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Table 1. The energy interval (y/s), integrated luminosity (IL), number of events of the process ete™ — ¢y — nyy
(Ngy) in the range 400 < M < 700 MeV, number of events ol other background processes (/NVyig) in the range

400 < M < 700 MeV, background scale factor (auig), detection efficiency (g ), number of ete™ — ny events (Nyy),
radiative correction factor (1 + &), Born cross section for the process ete™ — 5y o (o). The first error in the cross section

is statistical, the second is systematic

Vs, GeV L,pb~! Ngy Nikg(oukg)
1.075 1.10 28 2.9(1.36 +£0.27)
1.100 3.38 51 6.4 (1.36 +0.27)
1.125 1.32 11 1.4(1.36 +0.27)
1.150 3.21 15 2.8(1.36 +£0.27)
1.175 1.73 4 1.1(1.36 +0.27)
1.200 4.30 4 22(1.36+0.27)

1.225—1.300 21.0 5 20(1.35+0.15)
1.325—1.400 10.0 1 16(1.35+0.15)
1.425—1.500 11.0 0 22 (1.01+0.11)
1.520—1.600 11.3 0 34 (1.12+0.08)
1.625—1.700 12.4 0 58 (1.28 +0.07)
1.720—1.800 15.0 0 25(1.13 £0.08)
1.820—1.902 63.5 0 43(1.01 £0.05)
1.910—-2.000 83.2 0 38(0.97 £ 0.05)

at energies below 1.03 GeV [1]. The calculated M;e.
spectrum for the ete™ — ¢y sg process is shown in
Fig. 1, and the expected number of events with 400 <
Mo < 700 MeV is listed in Table 1.

The contribution of other background processes is
calculated using data on the measured cross sections
forete™ — 7m0704[16), ete™ — nny[8,9], ete” —
ny [8, 10], ete” — wrtn™ [17, 18], eTe™ —
wnr® [11-13], eTe™ — KsKr(y) [19], efe” —
KsKrn9(6,7), ete” = KsKn°7?[6]and ete™ —
KgKrn [6]. For the process ete™ — wr¥7Y, the
isotopic relation o(wrtn™) = 20(wn%7%) is used.
Radiative corrections [20] are taken into account
when calculating the background. This is especially
important for the ete™ — KgK,(7) process, which
is dominated by radiative return to the ¢ meson:
ete” — ¢y — KsKpn.

For the energy range above 1.6 GeV, the cross
sections for many background processes are known
with an accuracy of about 25%. The cross section
of the ete™ — wnn® process measured in the SND
and BABAR experiments differs by a factor of 2.
Below 1.2 GeV, the dominant background source is
the ete™ — KgK () process. The accuracy of its
estimation is determined by the quality of MC sim-
ulation of K, nuclear interaction in the calorimeter.

€0, %o Ny d+1 o, pb
8.1 20770 1.2640.04 18193 +1
8.0 70180 1.43+0.12 18731 +1
8.2 15T 1.4840.19 9t +1
8.1 0.0138 144 +0.22 010 +£0.1
7.9 3.6755  1.35+0.20 20115 +2
7.7 5355 1.25+0.16 13720 +1
7.0 59755  1.014+0.01 473 4£0.2
6.6 6.9757  0.90 £0.08 123 +1
6.3 13.07%5  0.91+0.07 2170 £ 2
6.0 6.87%9  0.95+0.03 1112+ 04
5.6 0.079  1.18£0.20 09 +£0.3
5.4 0.0138 2944 1.94 0115 £0.2
4.9 LTS 0924006  0.77 5 +0.1
4.6 67753 094+0.05 1.9175+0.1

Therefore, the mass interval 700 < M. < 1100 MeV
is also analyzed, where only background processes
are expected to contribute.

The M. distributions in the range 400 < Mee <
1100 MeV are fitted by a sum of the contributions of

the process under study ete™ — 1y and background
processes:

P(Mrec) = NnyPnW(Mrec)
+ apkg Pokg(Mrec) + Py (Mrec)- (3)

Here P,, is the signal distribution normalized to
unity, Py, is the calculated spectrum for the process
ete™ = ¢y rmisr — My nsr, and Py is the calcu-
lated spectrum for other background processes. The
free fit parameters are the number of signal events
N, and the scale factor for the background ayg. Be-
low 1.4 GeV, statistics do not allow to determine g
with the required accuracy for each interval. There-
fore, to determine the background, the combined M.
distributions are fitted in the ranges /s < 1.225 GeV
and 1.225 < /s < 1.4 GeV. The resulting ay,q values
with their error are then used in the fit for individual
intervals.

The shape of the distribution for M. was checked
according to the data collected near the ¢p—resonance.

PHYSICS OF ATOMIC NUCLEI Vol.86 No.6 2023
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The simulation agrees with experiment. For the pur-
poses of these statistics the shape of the distribution
for M. does not need to be amended.

The obtained numbers of events of the signal and
background processes, as well as the values of the
coefficient ayg for different energy intervals, are listed
in Table 1.

4. DETECTION EFFICIENCY

The signal detection efficiency is determined by
MC simulation, which take into account radiative
corrections to the initial state [20], in particular, the
emission of additional photons. The angular distri-
bution of these photons is generated according to
Ref. [21]. Figure 2 shows the dependence of the
detection efficiency e(v/s, Ey,) on the energy E. .,
of the photon radiated from the initial state for three
values of the center-of-mass energy.

The values of the detection efficiency at E, g, =

0, averaged over the energy intervals, are listed in
Table 1.

5. CROSS SECTION PARAMETRIZATION

In the framework of the vector meson dominance
model, the cross section of the ete™ — 1y process
can be written as:

2

3
amws>=<’“‘*<“s)> S Av(s)| s (4)

Vs V=p, w, ¢,...

AV(\/S) = DV(\/S)

Dy (Vs) =mi — s —iv/sT'v (V/s),
m2
k’v(\/s) = \/S (1— 77) s

my Ty (my)el?v \/ m%/

2 s

where the summation is over all vector resonances V'
that contribute to the cross section, my and 'y (1/s)
are the mass of the resonance and its total width,
ovyy = (121/m3,)B(V — eTe™)B(V — ny) is the
cross section of the process efe™ — V — ny for
Vs=my, B(V —ete”) and B(V — ny) are the
branching fractions of the corresponding decays , ¢y
are the phases of the vector resonance amplitudes
(¢, = 0). In addition to the resonances p, w, and ¢,
the sumin Eq. (4)includes all their excited states. For
p, w, and ¢, when calculating the energy dependence
of the widths, the main decay modes are taken into
account. For excited resonances, the widths were
assumed to be independent of the energy.

PHYSICS OF ATOMIC NUCLEI Vol.86 No.6 2023
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6. FIT TO DATA AND OBTAINING
THE BORN CROSS SECTION

The visible cross section of the eTe™ — 1y pro-
cess is related to the Born cross section (o(y/s)),
which must be determined from experiment, by the
following formula:

Tmax

nlvs) = [ ¢ (ws, Y )
0

X F (z,v/s)o (\/5(1 — m)) dz, (6)

where F'(z,+/s) is a function describing the distribu-
tion of the energy fraction x = 2E,, //s taken away
by photons emitted from the initial state [20]. The
value of g,y is determined by the condition Vsl =
\/s(l — Tmax) < 1.03 GeV, which is used to separate

the processes ete™ — ny(y) and ete™ — ¢y. The
expression (7) can be rewritten as:

ous(v/s) = co(v/5) o(v/5) (1 +3(v/s)) ,  (7)

where the detection efficiency £¢(y/s) and the radia-
tive correction §(+/s) are defined as follows:

eo(v/s) = e(v/s,0), (8)
5(V's)
x}axg (\/5, x\2/5> F(z,/s)o(y/(1 — z)s)dx
_ 0 —1

er(Vs,0)0(V/s)
(9)

Technically, the Born cross section is found as fol-
lows. The energy dependence of the measured visible
cross section oyis(y/si) = Nyy,i/IL;, where i is the
energy interval number, is fitted by Eq. (6). For
the parametrization of the Born cross section, some
theoretical model is used that describes the experi-
mental data well. Using the obtained parameters of
the theoretical model, the radiative correction §(,/s;)
is determined, and then the experimental Born cross
section o(y/s;) is calculated using Eq. (7).

In the fit to the cross section, the Particle Data
Group (PDQG) values of the p, w, and ¢ parame-
ters [22] are used. The phases p, w and ¢ are cho-
sen according to the prediction of the quark model:
Pu = Pp, Yo = Pp + 180°. As already mentioned, at
energies above 1 GeV, all five known excited vector
resonances w(1420), p(1450), w(1650), ¢(1680), and
p(1700) contribute to the eTe™ — 1y cross section.
[t is impossible to separate the contributions of these
resonances by fitting the cross section ete™ — ny.
However, the problem can be significantly simplified
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the initial particles at v/s = 1.15 GeV (a), 1.6 GeV (b), and 1.9 GeV (c¢). The points with error bars are obtained using MC
simulation, the curve shows the result fit to the e(E.; ) dependence with a smooth function.
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e~ — ny measured in this work in comparison with the cross section obtained

earlier in Ref. [5]. The dashed curve is the result of the fit taking into account the contributions of only p, w, and ¢ mesons. The
solid curve is the result of fit with the additional contribution of two excited vector resonances.

using the fact that the resonances are divided into
two groups with close masses (w(1420), p(1450)) and
(w(1650), ¢(1680), and p(1700)). With the available
limited statistics, we can use a model with two ef-
fective resonances p’ and ¢’ with masses and widths
equal to the PDG values for p(1450) and ¢(1680).
This choice of resonances is consistent with the pre-
dictions of the quark model [23], in which the decay
widths p(1450) — 7y and ¢(1680) — ny are at least

an order order of magnitude larger than the widths for
the other three excited states.

The Iree fit parameters are the cross sections o/,
and o4r,,, and the phases ¢, and ¢4 . The resulting
fitted curve is shown in Fig. 3 together with the values
of the Born cross section calculated using Eq. (7).

The numerical values of the Born cross section and
the radiative correction are listed in Table 1.

For the cross sections at the resonance maxima,

PHYSICS OF ATOMIC NUCLEI Vol.86 No.6 2023
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the following values are obtained:
Oy = 16715 £ 2 pb,

Ty = 14775 £ 2 pb. (10)
The first of the quoted errors is statistical, the second
is systematic.

[t should be noted that small statistics do not allow
us to discard the model without excited resonances.
The result of the fit in this hypothesis is also shown
in Fig. 3. For it, x?/v = 11.4/14, where v is the

number of degrees of freedom, versus x?/v = 4.7/10
in the model with two excited resonances. It should
be noted that the model with only one excited reso-
nance cannot describe the cross section dip at /s =
1.75 GeV.

7. SYSTEMATIC MEASUREMENT ERRORS

The systematic uncertainty on the measured cross
section includes uncertainties in determining the de-
tection efficiency, measuring the integrated luminos-
ity, as well as the model error in calculation the ra-
diative correction. To estimate the systematic error
in the detection efficiency, we study the stability of
the result on the cross section under wide variation
of the selection criteria, in particular, the conditions
on x? of the kinematic fits. An analysis is also carried
out with the requirement that exactly seven photons
be detected in an event, as in [5]. At the current
level of statistical accuracy, no change in the result
on the cross section is found. In addition, for a
numerical estimate of the uncertainty in the detection
efficiency, one can use the results of the study of the
difference in the detector response between data and
simulation for the five-photon events performed in
[15]. For the current analysis, we use the sum of
the correction from [15] and its error (3%) as an es-
timate of the systematic uncertainty associated with
selection conditions. The systematic uncertainty due
to the difference between data and simulation in the
photon conversion probability before the track system
is 1.3%.

The systematic uncertainty associated with nor-
malization to luminosity is 2.2%. The model er-
ror in the calculation of the radiative correction is
determined from the difference between the values
obtained for the models with and without the use of
p' and ¢’ excited states. The total systematic uncer-
tainty on the cross section is listed in Table 1.

8. CONCLUSION

In the experiment at the VEPP-2000 ete™ col-
lider with the SND detector, the cross section of
the ete™ — 1y process was measured in the energy
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range 1.05—2.00 GeV. ny events were searched in
the n decay mode 1 — 37 — 6. The measured
cross section of this process is shown in Fig. 3 in
comparison with the previous SND result [5] obtained
using approximately 7 times less statistics. The new
results are significantly lower than the previous ones
for /s > 1.25 GeV. The difference is explained by a
significant underestimation of background in [5]. The
results obtained in this work supersede the measure-
ment of [5].

As a result of the fit to the cross section with the
vector meson dominance model, the values of the
cross sections at the resonance maxima have been
obtained:

Oy = 16715 & 2 pb,
Oy = 14555 £ 2 pb,

which agree with the estimates 0,y,, = 15 pb, 04,y ~
10 pb made in Ref. [5] basing on the quark-model
prediction Iy & T'grypy = 100 ke'V [23].
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